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The further development of organic polymer electronics crucially depends on continued advances 
in printable materials systems possessing high quality insulator, metal or semiconductor properties 
and in high quality multilayered semiconductor heterostructures. Previous efforts to address these 
have focused mostly on the development of new polymer insulator, metal or semiconductor 
systems. Here we demonstrate new approaches based on control of the final morphology of the 
materials. In the first part of this work, we modified the Brust–Schiffrin process by mixed ω-
functionalised carboxy- and hydroxyl-alkylthiol monolayers to protect gold nanoparticles and found 
these become extremely water dispersible, and their thin films can be annealed to the high 
conductivity state at temperatures below 250ºC. This makes it possible to deposit these materials 
directly on organic underlayers without damaging these layers. Furthermore the critical challenges 
of coalescence-induced cracking and poor adhesion of gold nanoparticle films can be overcome by 
the formation of nanocomposites with compatibilising polymer matrices. These composite materials 
are potentially useful as source, drain and gate electrodes in field effect transistors, and as current 
carrying interconnects in light emitting diodes and photovoltaic cells. In the second part of this work 
we demonstrate that sequentially solution-deposited semiconducting polymer films can be doped to 
give p–i–n structures by contact with dopant solutions or dry dopant films. While small molecules 
have been routinely doped by co-evaporation with dopant molecules, this has been a particular 
challenge with solution- processed polymer semiconductors due to the re-dissolution of the 
underlayers when the next layer is deposited. Here we overcome this using a newly developed 
photocrosslinking methodology and demonstrate efficient p-i-n light emitting diodes based on a p-
doped, intrinsic and n-doped layers of poly(9,9-dioctylfluorene-alt-benzothiadiazole). 
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In chapter 1, we give a background to the work described in this thesis. 
 
In chapter 2, we describe the synthesis of highly water and alcohol soluble gold nanoparticles in 
the particle size range 1-5 nm and the incorporation of these nanoparticles into a conducting matrix 
like poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDT) or an insulating polymer 
matrix like poly(4-hydroxystyrene) (PHOST) to form printable nanocomposites. These 
nanocomposites undergo an insulator to metal transformation at 195–250ºC. The final conductivity 
is controlled by the mean Au particle size, volume fraction and anneal temperature and can be 
tuned between 10–4 and a few 105 S cm–1. The polymer matrix wets the Au and forms an ultra thin 
film at the surface after annealing which is advantageous as PEDT is a better hole injector than Au. 
The transformation can also be induced electrically thus allowing for memory applications. 
 
In chapter 3, we show that the spectral shape of the plasmon excitation at 500–600 nm in thin films 
of gold colloids and their nanocomposites can be quantitatively modelled in a surprisingly simple 
way by treating the nanoparticle quantum-size effect, the core-shell nanostructure effect and the 
thin film optical effect, in an overall transfer matrix formalism. The results show there is an initial 
nanocore relaxation followed by a progressive desorption of the ligand shell leading to formation of 
percolated paths. Partial percolation is already sufficient to attain the desired conductivity. The 
optical transformation due to plasmon coupling between the Au cores precedes the electrical 
transformation which requires the development of macroscopic percolation. 
 
In chapter 4, we describe solution-based p- and n- doping of conjugated polymers and devices. 
The doping has been followed by ultraviolet–visible and Fourier transform infrared spectroscopies. 
By a combination of solution contact p doping and solid state contact n doping, p–i–n LEDs based 
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on poly(9,9-dioctylfluorene-alt-benzothiadiazole) with a p-doped layer (over ITO) as hole-transport 
and injection layer, and n-doped layer as electron-transport and injection layer (capped by Al) were 
fabricated. The devices exhibit rectifying current–voltage characteristics, high built-in potential (2.2 
V) and good electroluminescence efficiency (1.2% ph/el) indicating balanced carrier injection. This 
shows that stable electrodes can be used with doped polymer semiconductor layers to achieve 
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1.1 Organic electronics 
 
Organic electronics has its origin in the discovery of doping of polyacetylene[1]. However this 
discovery didn’t really spur on the immense growth we see now. Organic electronics can be said to 
have truly arrived with the discovery and understanding of electroluminescence in conjugated 
polymers [2, 3]. This discovery was an important step in the growth of organic electronics and led 
to the fabrication of other devices and increased understanding of the device physics[4, 5]. 
However organic electronics is still at a nascent stage. Our understanding of organic electronic 
devices[6] has increased by leaps and bounds but it is only the proverbial tip of the iceberg. Lot of 
work is required to be carried out on the various aspects from materials development to novel 
device architectures to new fabrication techniques. The demand for organic electronics lies in the 
easy processibility leading to reduced costs and the possibility of niche applications which are 
beyond the purview of inorganic electronics like flexible display devices[7], wearable electronics 
etc. Especially solution processible materials are becoming more prevalent because of the 
advantages of ease of device fabrication, large area applications, compatibility with light weight and 
mechanically flexible base materials, and control of electrical, optical and magnetic properties. 
Various printing techniques are being explored for printing of organic electronic circuits[8, 9]. 
Screen printing and inkjet printing are two practical printing techniques that have shown great 
promise.[10, 11]  
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The field crucially depends on the availability of high-quality components by solution-processing at 
both the device level and the integrated circuit (IC) level to take advantage of a potentially 
inexpensive way to "print" components over a large area and also on non-flat and/or non-rigid 
media. A key goal in the field is therefore the development of appropriate material systems with the 
desired electronic and optoelectronic properties that are solution-processible in appropriate 
formulations, and can be further integrated into manufacturing schemes with the appropriate 
solvent and thermal characteristics. Especially there is always a need for an electrically conductive 
materials system that is easy to deposit on to various substrates without compromising on its 
stability and integrity.  
 
1.2. Electrically conductive materials system 
1.2.1 Requirements and available materials systems 
 
The functions of the semiconductor materials systems and their device structure differ widely 
depending on whether the intended use is in light-emitting diodes[12-14], field-effect 
transistors[15], photodiodes, photoconductors, memories[16], or sensors or others. In light-emitting 
diode technologies, the semiconductor material must be capable of light emission by electron-hole 
recombination, for example. In field-effect transistors, the semiconductor material must be capable 
of field-effect conduction.  
 
However in all cases, there is a need for a robust electrically conductive materials system. A robust 
electrical conductor is required not only at the IC level as interconnect lines and via contacts to wire 
up and deliver the appropriate power and signals to the various circuit components, but also at the 
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component level as electrode contacts to the devices (for example, as cathode and anode of light 
emitting diodes and of photodiodes, and as the source, drain and gate electrodes of field-effect 
transistors, and of tunnel-dielectric-based electrically programmable memory devices). In some 
cases, it is desirable to have both the circuit interconnects and device electrodes fabricated of 
essentially the same conductor materials system. Some of the candidates for conductors are given 
below in the table. 
 




4.5 x 105 
6.2 x 105 
9.6 x 104 
Carbon based materials 103–104 
Indium tin Oxide (ITO)[18] 104 
Silicon–Doped 10–100 
PEDT[19, 20] 1–100 
 
Table 1.1 Various materials systems and their conductivities 
 
The conductivity requirements vary with the circuit design and highly conducting materials are 
required to carry currents along lateral directions than through vertical structures in order to 
minimize voltage drop and joule heating losses. For example if a conducting line is required to 
carry a current density of 10Acm-2 across a thickness of 100nm and its conductivity is 100 S/cm, 
the voltage drop would be 10-6 V, which is negligible. However, if a conducting line is required to 
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carry a current density of 10Acm-2 along a length of 1cm and its conductivity is 100 S/cm, the 
voltage drop would be 0.1V, which is important at low operating voltages for high efficiency devices 
across large length scales. In order to avoid these losses, one must resort to conductivities of the 
order of 104 and the obvious choice is to look towards metal based systems. 
 
One way to achieve this is photolithographic patterning of metals such as gold, copper and 
aluminium. This is not practical in many instances in organic device technology because of cost 
and integration issues. Carbon based materials like graphite, carbon nanotubes and graphene[21] 
are other possible contenders but they are all organic solvent based and solubilities are not high 
enough in some cases. 
 
Another approach is the use of printable gold or silver paints[22],based on suspensions of large 
metallic gold or silver particles in a polymer binder dissolved in organic solvents. As the organic 
solvent evaporates, the metallic gold or silver particles form a percolated network to provide the 
requisite electrical conductivity. Similarly, conducting graphite pastes [23] of conductive graphite 
particles suspended in alcohol solvents are also known. One characteristic of these materials 
systems is the presence of a significant fraction of large particles more than 50 microns across in 
the formulations. This may not be particularly suited for future applications in organic device 
technologies. Furthermore, the polymer binder used such as polymethacrylates, polyvinyl alcohols 
and epoxides may not be compatible with organic semiconductor technologies. Large particle size 
means that the fine features required in a high-performance semiconductor device cannot be 
achieved. The presence of these polymer binder leads to issues with contamination of the 
semiconductor material itself, and restricts the possibility for multilevel integration because of re-
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dissolution issues. Finally, such conductive pastes cannot tolerate temperatures above 200ºC, 
which may occur (briefly) during the processing of the organic device and circuits. 
 
As an alternative, conductive polymers[24] have been proposed for the interconnects and 
electrodes in organic semiconductor device technologies. The best conductivity that can be 
provided by such materials to date, based on poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDT) system, is about 1 S/cm, extendable to 100 S/cm by doping with a 
high-boiling polyhydroxyl plasticizer[19, 20]. Also PEDT is known to suffer from electromigration 
problems[25] and also injection induced dedoping[26] which would alter its conductivity and device 
performance. For comparison, metals typically have an electrical conductivity above 100,000 S/cm. 
It is highly desirable to develop highly-conductive systems with conductivity at least above 10,000 
S/cm to deliver power and currents without suffering from Joule heating and voltage drop. It is also 
highly desirable to develop systems that are free from high-boiling polyhydroxyl plasticizers due to 
potential detrimental impart on device performance. Metal systems are the best candidates for 
conductors. Especially metal nanoparticles have been found to be a possible candidate and are 





1.2.2 Nanoparticle Inks as conductors 
 
Nanoparticles are three dimensional entities, of which at least one dimension is less than 100nm. 
Nanoparticles that will be described in this work are nearly spherical with diameters of the order of 
1-5 nm. Nanoparticles have properties that differ widely from the bulk state on account of the high 
surface to volume ratio. The properties are not only a function of the particle size, but they also 
depend on the interparticle distance and their shape. Nanoparticles have depressed melting 
points[27, 28] because of the high surface energy and consequently have depressed surface 
melting or sintering temperatures and hence can be annealed to conductive films at temperatures 
compatible with plastic electronics. 
 
Metal nanoparticles have been used primarily as drug delivery agents and as molecular sensors. 
Since the last decade, they are increasingly being used as electrically conducting systems in 
plastic electronics[29, 30] owing to their twin advantages of easy processibility and printability. 
Such metal nanoparticles exhibit a low surface melting temperature of 200-300°C, which is 
considerably lower than the melting temperature of bulk gold at 1064°C. This allows coalescence 
of the nanoparticle film to the bulk film with conductivities of the order of 104S/cm at moderately low 
temperatures. These can be used to form interconnects and electrodes in organic electronic 
circuits. 
 
These clusters are protected by organic ligand shells during synthesis to ensure they do not 
prematurely coalesce in the dispersed state in solution.[31-33] Au and Ag clusters protected this 
way have been used in layer-by-layer assembly for blanket film deposition,[34, 35] which may be 
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useful for the fabrication of large area sensor films. These clusters have been used more recently 
as nanometal “inks” for inkjet and other printing methods, which are more practical approaches to 
electrode and interconnect depositions.[29, 30] Au is an excellent choice because of its inherently 
inert nature. Ag clusters sinter at lower temperatures as compared to Au but are prone to 
electromigration[36]. Electromigration is an electrochemical process where metal on an insulating 
material, under the effect of a humid environment and an applied electric field, leaves its initial 
location in ionic form and redeposits somewhere else. Such migration may ultimately lead to an 
electrical short circuit. The process begins when a thin continuous film of water has been formed 
and a potential is applied between oppositely charged electrodes. Positive metal ions are formed at 
the positively biased electrode (the anode), and migrate toward the negatively charged cathode. 
Over time, these ions accumulate as metallic dendrites, reducing the spacing between the 
electrodes, and eventually creating a metal bridge. Electromigration is closely related to corrosion. 
Vertical migration can also occur when moisture has penetrated into the bulk of a porous material. 
Some of the noble metals like Au, Pt, and Pd are not prone to electromigration. Au has the lowest 
melting point among the three. 
 
However a number of challenges remain. Thin films of these materials have a tendency to 
crack[37] during annealing to the conductive state because of the large intrinsic volume reduction 
that accompanies complete sintering of the clusters, and the weak substrate adhesion and poor 
film cohesion in the nanometals reported to date. Furthermore they require organic solvents such 
as toluene which can potentially harm underlying organic semiconductor layers. It is desirable to 
not restrict the metal nanoparticles to aromatic hydrocarbon and related solvents. Water soluble 
nanoparticles have been reported[38] but these are too stable and can’t be annealed into the 
conductive state at low enough temperatures.  
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In this work we demonstrate the synthesis of the desired metal nanoparticles (clusters and colloids) 
that have the desired water or alcohol solubilities of up to 50 mg/mL, are stable in the solution state 
without aggregation, and are capable of repeatedly precipitating and re-dissolving the materials in 
water or alcohol solvents. We study the percolative insulator to metal transformation in these 
nanoparticles and their dispersions in a conductive polymer binder. We study the qualitative and 
quantitative effect of the polymer matrix on the optical and electrical properties in these 
nanocomposite metal systems. 
 
1.3 Metal Organic semiconductor Interfaces 
 
Metal semiconductor junctions[39, 40] are an integral part of most electronic devices. Such 
interfacial contacts can have a high resistance if there is a large mismatch between the Fermi 
energy of the metal and semiconductor. The understanding of the interfacial electronic 
structure[41] forms the basis for understanding and improving the performance of organic 
electronic devices. A proper choice of materials can provide a low resistance ohmic contact. 
However for a lot of organic semiconductors there is no appropriate metal available. Whenever a 
metal and a semiconductor are in intimate contact, there exists a potential barrier between the two 
that prevents most charge carriers (electrons or holes) from passing from one to the other. Only a 




The charge injection between the interfaces depends on the fermi level of the metal and the 
semiconductor. The barrier between the metal and the semiconductor can be identified on an 
energy level diagram as shown below for a typical Organic LED (OLED) structure in Fig 1.1. 












                                             ITO(anode)         LEP              Cathode(Ca) 
Fig 1.1 The energy level diagram showing the charge injection barriers and the built in potential of 
a simple polymer LED at flat band conditions. Vbi is the required bias voltage to achieve flat band 
condition and to facilitate charge carrier flow in the right direction. The charge injection barriers can 
be reduced by choosing materials with appropriate work functions. The work function can also be 
tuned by adding SAM layers on top. Another way is by doping the polymer to increase the charge 
carrier density thereby leading to improved device performance. 
 
 
The schematic above is that of the simplest OLED structure possible. A light emitting polymer 
(LEP) is sandwiched between two electrodes. The figure above shows the charge injection barriers 
at the metal semiconductor interfaces at both ends of the OLED. HOMO and LUMO levels are 
analogous to the valence and conduction bands in inorganic semiconductors respectively. Vbi is the 
required bias voltage to achieve flat band condition and to facilitate charge carrier flow in the right 
direction. The charge injection barriers can be reduced to facilitate increased charge injection and 
more efficient device performance. The barrier can be minimized by choosing appropriate materials 
whose work function values are close to the HOMO-LUMO values of organic semiconductors. 
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There are not many materials that are in this category. The work function can also be tuned 
advantageously by introducing SAM layers on to the metal electrodes[42]. Another way is by 
doping the polymer to increase the charge carrier density thereby leading to improved device 
performance. Before taking a closer look into doping of organic semiconductors, let us take a brief 
look at organic semiconductors. 
 
1.4 Organic Semiconductors 
 
Organic semiconductors can be divided broadly into two main groups: i) conjugated polymers, (ii) 
short polymer chains or oligomers also referred to as “small molecules”. In these materials[43], 
there is a chain of C or S atoms with overlapping pi  orbitals leading to formation of delocalized 
states along the chain[44]. The band gap is small, akin to that of a semiconductor. The charge 
carriers in these materials are quasi particles[45] that are composed of a coupled charge – lattice 
deformation entities. The possibility of transport of charge (holes and electrons) due to the pi -
orbital overlap of neighbouring molecules allows the conjugated polymers to emit light, conduct 
current and act as semiconductors[46]. The electrical conductivity of the conjugated polymers can 
be tuned by treating them with an oxidizing or a reducing agent, through a procedure called doping. 
 
Semiconducting properties of conducting polymers come from the delocalized pi -electron bonding 
along the polymer chain. Molecular orbitals of the repeated units overlap in space and lift their 
degeneracy by forming a series of energy bands; pi -bonding and pi *- antibonding orbitals form 
delocalized valence and conduction bands, respectively. The band gap for conducting polymers 
can be described as the energy gap between the highest occupied molecular orbital (HOMO), 
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which is referred to as the valance band, and the lowest unoccupied molecular orbital (LUMO), 
which is referred to as the conduction band. The energy gap (Eg) decreases with an increase in the 
conjugation length which also corresponds to an increase in the number of energy levels. The 
energy gap determines the electronic and electrical properties of the conducting polymers. Hence, 
control of the HOMO-LUMO gap and specifically the design of low band gap polymers have gained 
importance in recent years. 
 
An important difference between the small molecules and polymers lies in the way how they are 
processed to form thin films. Whereas small molecules are usually deposited from the gas phase 
by sublimation or evaporation, conjugated polymers can only be processed from solution e.g. by 
spin-coating or printing techniques. Additionally, a number of low-molecular materials can be grown 
as single crystals allowing intrinsic electronic properties to be studied on such model systems. 
 
The width of the density of states[47] in an amorphous solid is in the range of 100 meV whereas it 
is much less than 100 meV in molecular crystals. Depending on the degree of order, the charge 
carrier transport can be either band transport or hopping. Band transport can occur in molecular 
crystals but mobilities are low due to the weak electronic delocalization. The charge carrier density 
can be increased by chemical or electrochemical doping, carrier injection from contacts, 
photogeneration of carriers and field effect doping. There are different transport mechanisms for 
conducting polymers depending on the morphology and the doping level of the polymer. Generally, 
charge transport mechanisms are based on the motion of radical cations or anions, which are 
created by oxidation or reduction, along a polymer chain. 
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1.5 Fundamentals of doping in conjugated polymers 
 
The major drawback of conjugated polymers is their low mobility and intrinsic carrier density 
compared to that of inorganic semiconductors[47].As in inorganic semiconductors, it is possible to 
increase the electrical conductivity of the polymers dramatically by a doping process. Through 
doping it is possible to increase the conductivity of trans-polyacetylene[48] up to ten orders of 
magnitude. Doping of organic materials and its effect on carrier transport and conductivity has 
been studied by various groups[49, 50]. Some of the technological applications of doped 
conjugated polymers[51] are as sensors, catalysts, gas separation membranes in addition to 
organic electronics. The basic principle of doping in organic semiconductors is equivalent to that in 
inorganic materials. Impurities with appropriate electronic properties can be added to donate an 
electron to the lowest unoccupied molecular orbital (LUMO) levels for n-type doping or to remove 
an electron from the highest occupied molecular orbital (HOMO) levels for p-type doping. However 
the doping in the case of inorganic semiconductors is substitutional with the dopant atom 
substituting the host atom in the crystal matrix. In the case of organic materials it is redox type. 
There are three ways to accomplish this oxidation or reduction processes, which are through 
chemical, electrochemical and photo doping processes. Impurity or dopant atoms in the polymer 
backbone can be thought as interstitial defects that take up positions between the chains.  
 
Doping in organic systems result in significant changes in the structural geometry of these 
systems. There is a strong correlation between the electronic structure and the chemical structure. 
Charge carriers in these conjugated systems are different from their inorganic counterparts. The 
charge carriers are not free but are coupled to the lattice deformation and are a soliton, polaron or 
 22 
bipolaron depending on the doping states and the chemical structure. These are self localized 
states. Doping serves to increase the carrier density and create space charge layers at interfaces 
to enhance carrier injection under bias.  
 
The charge carriers in semiconducting polymers can be solitons or polarons depending on the type 
of polymer. Two types of doping can be distinguished – the redox type doping and the acid-base 
doping. The acid-base doping is mainly restricted to polyaniline and similar polymers. We shall look 
at the redox doping only here. Take the case of a pi conjugated polymer like polyacetylene whose 
molecular formula is [CH=CH]n. It can have two energetically equivalent forms as shown below in 
Fig 1.2. In other words, one can’t distinguish between the two possible structures. 
 
 
Fig 1.2 The two energetically equivalent forms of polyacetylene. The two resonant forms occupy 
the same low energy state. This is called a degenerate system. 
 
This is an example of what is called a degenerate system. The introduction of an electron results in 
the reduction of the polymer chains to polycarbonium anions with simultaneous insertion of cations 
for to preserve charge neutrality. Further reduction leads to spin less charge carriers called 
solitons. These result in the creation of gap states at the middle of the band gap. They are 
illustrated below in Fig 1.3. 




Fig 1.3 Energy band diagram before and after doping. The introduction of an electron results in the 
reduction of the polymer chains to polycarbonium anions with simultaneous insertion of cations to 
preserve charge neutrality. Further reduction leads to spin less charge carriers called solitons. 




Fig 1.4 Positive, neutral and negative solitons in polyacetylene 
 
The charges introduced into the polymer chain are coupled with the lattice and these solitons, as 
they are called and shown in Fig 1.4, are the charge carriers in these doped systems. 
 
+ -  
●● ●
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Considering the case of another conjugated polymer system – poly (phenylene vinylene). It is a 




Fig 1.5 Quinoid and Benzenoid structures in poly (phenylene vinylene) (PPV). These two different 




The oxidation of the polymer chain involves the abstraction of an electron which results in the 
formation of a radical cation called polaron as shown in Fig 1.6. The polaron creates a quinoid type 
sequence within the polymer chain with a benzenoid sequence. In other words the charge is 
coupled to the lattice as in the case of solitons. Further abstraction of an electron may result in 
either another polaron formation or a bipolaron which is basically a dication. The effect of doping in 
such systems is to create a pair of gap states near band edge as opposed to the degenerate 
systems where a state would be formed in the middle of the band gap. Polarons possess spin 
whereas bipolarons are spin-less. Polymers can be n- and p- doped to create negative and positive 
polarons as charge carriers. As the doping is increased, polaron or bipolaron bands are formed 
which can close the band gap[46]. 
benzenoid form quinoid form 





Fig 1.6 Structure and energy level diagram of a polaron and bipolaron in PPV. The polaron creates 
a quinoid type sequence within the polymer chain with a benzenoid sequence. The polaron is a 
radical ion while the bipolaron is a radical di-ion. 
 
Chemical and electrochemical doping of polymers have been carried out to varying degrees of 
success[51]. p- doping has been demonstrated rather successfully but n- doping has posed 
problems because of the instability of the n doped form[52] and the paucity of stable n dopants. We 
shall look into these in greater detail in chapter 4. p–i–n type structures have been demonstrated 
using vacuum deposition techniques[53]. The main challenge for us is to develop a solution based 
    Polaron        Bipolaron 
polaron bipolaron 
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technique for fabricating a p–i–n doping profile. In this work we describe our progress with n-doping 
of polymer semiconductors and demonstration of p–i–n light-emitting diode. In contrast to small-
molecule organic semiconductor devices for which p–i–n junctions can be readily fabricated by 
multilayer evaporation, this goal has been elusive in polymer semiconductors due to the challenges 
in depositing multilayer structures and selectively doping them. Through the use of a 
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Printable gold polymer nanocomposites as conductive materials 
system and the controlled insulator to metal transformation in 
these nanocomposites 
 
In this chapter we describe the synthesis of highly water and alcohol soluble gold nanoparticles in 
the particle size range of 1-5 nm and the incorporation of these nanoparticles into conducting or 
insulating polymer matrices to yield printable nanocomposites. These nanocomposites undergo an 
insulator to metal transformation in the temperature range of 190–240°C on heat treatment. This 
transformation temperature has been decreased further to around 150°C by work done in our 
group. The final conductivity achieved after annealing these nanocomposites is in excess of 2 x 105 
S/cm. The transformation is affected by the properties of the nanocomposites like the particle size 
and volume fraction. The polymer matrix plays an important role in creating a stable, high quality 
film without significantly increasing the transformation temperature. The matrix wets the particles 
and binds them together thereby eliminating micro cracks that would otherwise have formed due to 
the volume loss during the sintering. The final conductivity achieved depends on the particle size, 
the volume fraction of the gold nanoparticles in the matrix and the annealing temperature. These 
systems behave like the organic analogue of cermets with tuneable conductivity across many 
orders of magnitude by controlling the above mentioned parameters. 
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2.1 Introduction  
 
Nanoparticles can be described as three dimensional entities, of which at least one dimension is 
less than 100nm. Nanoparticles described in this work are nearly spherical with diameters of the 
order of 1-5 nm. Nanoparticles have properties that differ widely from the bulk state on account of 
the high surface to volume ratio. The properties of the nanoparticles are in between those of the 
molecular compounds and the bulk state. The properties are not only a function of the particle size, 
but they also depend on the interparticle distance and their shape. Of particular interest here is the 
depressed surface and bulk melting points[1, 2]. Nanoparticles have depressed melting points 
because of the high surface energy and consequently have depressed surface melting or sintering 
temperatures. 
 
Metal nanoparticles have been used primarily as drug delivery agents and as molecular sensors. 
Since the last decade, they are increasingly being used as electrically conducting systems in 
plastic electronics[3, 4] owing to their twin advantages of easy processibility and printability. Metal 
nanoparticles can be sintered at temperatures < 200 ºC to form structures that have conductivities 
of the order of 104 S/cm. These can be used to form interconnects and electrodes in organic 
electronic circuits. 
 
Many issues plague the use of these nanoparticles; these include their limited solubility in polar 
solvents and the formation of high quality films which retain their integrity after the subsequent 
processing steps. Most of the available nanoparticles are soluble in organic solvents. These can’t 
be used in conjunction with semiconducting polymers to build vertical device structures as they are 
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also soluble in these same solvents. Hence we require water or alcohol soluble metal 
nanoparticles. The key objectives to be realized are thus: 
 
a) A facile synthesis route for producing water soluble metal nanoparticles having solubilities 
in excess of 50 mg/ml 
b) Capable of achieving conductivities of the order of 104S/cm after annealing at 
temperatures compatible with the use temperature of plastic substrates 
c) Ensuring retention of integrity of the device structure after the various processing steps  
d) Printability of these nanoparticles and compatibility with overlying and underlying 
structures 
 
So far, the bulk of the nanoparticle synthesis has been carried out for biochemical applications, 
where the solubility and stability of nanoparticles in various solvents and pH regimes is an 
important consideration. The high solubility of these nanoparticles in polar solvents however has 
not been addressed sufficiently enough and this is a vital consideration for electronic applications. 
High volume concentrations of these nanoparticles are required because of the volume reduction 
during the annealing process. 
 
Two fundamental approaches have been used for the preparation of nanoparticles – top down 
approach and bottom up approach. Top down approach involves breaking down of the bulk state 
into the nanoparticle state using dry and wet size reduction techniques like sonochemistry[5]. 
Bottom up approach involves forming nanoparticles by clustering of atoms or layer by layer 
assemblies. One such bottom up approach is by use of a passivation layer. Passivated metal 
nanoparticles are core shell structures with a metallic core surrounded by a ligand shell which 
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serves to stabilize the nanoparticle against aggregation. By tuning the ligand shell, one can 
influence the solubility of these nanoparticles.  
 
Among the methods of synthesis of AuNPs by reduction of gold(III) derivatives, the most popular 
one for a long time has been that using citrate reduction of HAuCl4 in water introduced by 
Turkevich[6] in 1950s and refined by G. Frens in 1970s[7]. It leads to AuNPs of size ~ 20 nm. This 
method yields nanoparticles with a rather loose shell of ligands. The particle sizes are larger 
leading to higher sintering temperatures. Also the maximum concentration of these nanoparticles is 
low and not able to meet the requirement of ~50mg/ml needed for use in organic electronics. 
 
The Brust–Schiffrin process[8] was an important development in the synthesis of metal 
nanoparticles. It is a two phase process and makes use of thiols as stabilizing agents. It opened up 
a whole new range of facile synthesis procedures capable of obtaining metal nanoparticles of 
various solubilities and stabilities depending on the passivating agent used. The Brust process is a 
two phase process involving the reduction of Au (III) salts to the Au (0) state, in the presence of a 
stabilizing or passivating ligand, by a suitable reducing agent like sodium borohydride. The capping 
reagent or the passivation layer provides the stability and influences the solubility of the 
nanoparticles. The passivating agents are usually mercapto compounds where the Au-SH bond is 
responsible for the passivation and the other end group attached to the capping agent influences 
the solubility. The requirement here is for nanoparticles that are soluble in water to a high degree 
(in excess of 50mg/ml) and are stable in solution for a long time, typically a few years. The 
passivating agent must provide stability in solution from aggregation, but yet be able to be 
desorbed by thermal annealing to facilitate fusion of nanoparticles into a highly conducting state at 
temperatures compatible with the use temperature of plastic substrates. 
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Synthesis and characterization of passivated metal nanoparticles (Au,Ag,Pt) has progressed 
immensely with various capping reagents like amino, carboxyl, hydroxyl end groups being used for 
passivation to yield nanoparticles of varying solubility.[9-13] These approaches have led to water 
soluble nanoparticles of varying stability.[14-19] By using phase transfer and surface modification 
methods, water soluble nanoparticles have been synthesized[20-23]. The effect of the counterion 
of the phase transfer reagent and stabilizing ligand on the photochemical stability has also been 
studied[24]. Phase transfer can be used to do size selective extraction from an aqueous to organic 
phase.[25] By a process of digestive ripening, the particle size and polydispersity of Au colloids 
have been shown to be reduced[26, 27]. Nanoparticle arrays and films can be formed by layer 
assembly, self organization or Langmuir Blodgett techniques.[28-40].Liquid nanoparticles have also 
been demonstrated[41]. Single phase routes towards nearly monodisperse metal nanoparticles 
have also been reported.[42] However, a combination of high solubility and stability in solution has 
yet to be reported. Our motivation was hence to synthesize highly water soluble nanoparticles and 
disperse them in a polymer matrix without any phase separation. 
2.2 Synthesis of Au - polymer nanocomposites 
2.2.1 Synthesis, purification and ion-exchange of nano-Au dispersions having high 
solubility in water and alcohols 
 
We modified the Brust process suitably to obtain water soluble gold nanoparticles. The Brust 
process is a two phase process where Au in the form of tetrachlorohydroaurate salt is transferred 
into an organic phase by means of a phase transfer reagent. After the capping reagents were 
added, the Au (III) state was reduced to the Au (0) state by a suitable reducing agent like sodium 
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borohydride. In this work, the capping agents were carefully chosen so as to impart the desired 
water/alcohol solubility. 
 
All the chemicals apart from PEDT were purchased from Aldrich. PEDT: PSSH was Baytron P 
purchased from Baytron AG (Leverkusen). 
 
In a typical preparation, an aqueous solution of hydrogen tetrachloroaurate (100mg, 0.30 mmol, in 
10 mL water) was freshly prepared and mixed with toluene (25 mL) under rapid stirring in an 
Erlenmeyer flask using tetra-n-octylammonium bromide (450 mg, 0.83 mmol, “Oc4N+Br–”) as 
phase-transfer reagent. The toluene phase became deep orange immediately. Then ω-
functionalised long-chain alkylthiol capping reagents were added (see Table S1) to give different 
Au:thiol mol ratios[43] to produce final colloids of different sizes. Freshly prepared excess sodium 
borohydride (115 mg, 3.0 mmol, in 7 mL water) was then added at room temperature in several 
portions to the rapidly-stirred mixture to reduce Au (III) to Au (0). The toluene phase became dark 
brown immediately. The mixture was stirred for a further 2 hours, the organic phase separated, 
washed with water (25 mL thrice), and evaporated to dryness under reduced pressure to obtain a 
black waxy crude of the protected Au clusters contaminated with excess Oc4N+ Br–. 
 
To remove this excess Oc4N+ Br–, the crude material was dispersed into methanol (1 mL), 
precipitated with water (3–5 mL), centrifuged, and the procedure repeated twice to obtain the 
purified monolayer-protected Au clusters. When a ω-COO-terminated alkylthiol was used as 
protection ligand, the Au clusters were recovered in the salt form with Oc4N+ as the counter-ion. 
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Au clusters thus protected by ω-OH-terminated alkylthiol or ω-COO-terminated alkylthiol 
(recovered in the Oc4N+ carboxylate salt form) or their mixture, are dispersible at high 
concentrations of > 50 mg mL–1 in the lower alcohols to give opaque solutions. See Fig 2.1 and 
Table 2.1. 
 
To achieve water solubility for Au clusters protected by pure 11-mercaptoundecanoic acid (or 
mixtures having a high 11-mercaptoundecanoic acid ratio), the surface Oc4N+ counter-ions were 
exchanged with Na+ or K+ ions. This was accomplished in the following way. 20 mg of the Oc4N+ 
salt of ω-COO-terminated alkylthiol-protected Au cluster was dispersed in methanol (1 mL). 
Sodium acetate (40 µM in 1 mL methanol), or other corresponding salt compounds, was added. A 
free-flowing black powder was precipitated, recovered by centrifuge and washed with methanol. 
The dried material was dispersible at high concentrations of > 50 mg mL–1 in H2O to give opaque 
solutions, without need for ultrasonication. These salts of the monolayer-protected Au clusters can 
be repeatedly isolated and dispersed in H2O. 
 
These dispersions can be mixed with corresponding solutions of, e.g., poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDT) or poly(4-hydroxystyrene) (PHOST) which 
can be printed, drop-cast or spin-coated onto various substrates, to give films having a wide 
composition range of Au of up to 70 vol% without phase separation (vide infra), and which can also 
be annealed to high σdc  (as will be shown later). The dispersions, as well as those of the parent 
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Fig 2.1 Highly water- and alcohol-soluble nanogold dispersions. (a) Photograph of 33-Å-diam. Au 
dispersions in 1.0-mm-diam. glass capillaries with 50-W backlight. The dispersion shows the 
characteristic pink coloration of high-quality non-aggregating clusters at a concentration of 4 mg 
mL–1, but can be concentrated to a highly-stable opaque dispersion, with > 50 mg mL–1, which is 
required for practical applications in organic semiconductor circuits. (b) Schematic outline of the 
wide tunability of the solubility characteristics of the Au clusters depending on the terminal group of 













The different Au thiol stoichiometries used in the synthesis and the resultant solubilities are 
summarised in the table 2.1 given below. 
 
S/N Thiol and conditions d (Å) (a) Solubility (b) 
1 11-mercaptoundecanoic acid (9.0 mg, 40 µmol)  42  Oc4N+ salt sol. in MeOH, EtOH, i-PrOH; 
Na+ and K+ salts sol. in H2O. 
2 11-mercaptodecanol (61 mg, 300 µmol) 22 ±12 Sol. in MeOH, EtOH, i-PrOH 
3 mixed 11-mercaptoundecanol (17 mg, 78 µmol) and 
16-mercaptohexadecanoic acid (4.0 mg, 14 µmol) 
33 ±12 Both Oc4N+ and Na+ salts sol. in MeOH, 
EtOH, i-PrOH 
4 mixed 11-mercaptoundecanol (8.0 mg, 40 µmol) and 
16-mercaptohexadecanoic acid (1.9 mg, 6.6 µmol) 
42 ±15 Both Oc4N+ and Na+ salts sol. in MeOH, 
EtOH, i-PrOH 
 
Table 2.1.  Thiol-to-Au stoichiometries used in the synthesis of highly alcohol and water soluble Au 
clusters.  
 (a) Mean Au cluster diameter determined by transmission electron microscopy (Jeol 2010F; 
acceleration voltage, 200kV).  ± gives the first standard deviation (typically for 50–100 clusters). 
(b) Solubility typically exceeding 50 mg mL–1. The solvents in the table are methanol (MeOH), 
ethanol (EtOH) and isopropanol (i-PrOH). 
 
2.2.2 Au: polymer nanocomposites 
 
In a typical preparation, measured aliquots of nano-Au methanol dispersions (33 mg/mL) were 
mixed with poly (3, 4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDT) complexes in 
methanol (1.2 mg/mL) prepared from commercial material, on a solution roller. Homogeneous 
dispersions corresponding to a volume fraction of the nanometal to total solids of 10–70% could be 
produced. The ratio of PEDT to PSS used was 1:16 for solubility in MeOH, for compatibility with the 
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nano-Au MeOH dispersions. Aqueous solutions with higher PEDT to PSS ratio of up to 1:2.5 can 
also be used with the nano-Au water dispersions. 
 
No phase separation was observed in the mixed solutions over a period of 1 year. These solutions 
can be spin-cast, drop-cast and printed to give homogeneous films. TEM images of the Au and the 
Au: PEDT films are shown in Fig 2.2. 
(a)                                    (b) 
 
Fig 2.2 Transmission electron micrographs (220 x 220 nm) of ultra thin films cast on oxygen-
plasma-treated hydrophilic Cu–formvar grid. (Jeol 2010F; acceleration voltage, 200kV) (a) 20:80 
vol/vol Au (33-Å)–PEDT film, (b) 30:70 vol/vol Au (33-Å)–PEDT film.  
 
From these micrographs, it is clear that the Au clusters were homogeneously distributed in the 
polymer matrices without any indication of phase separation on the sub-micron length scale. The 
apparent “merging” of some Au clusters is due to the presence of two or more clusters with 
overlapping footprint inside the film. This limits the applicability of transmission electron microscopy 
to thin films and films with relatively low Au volume fraction. 
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PEDT: PSSH[44] is an electronically-conducting polymer and representative of water-soluble 
conducting polymers with excess polyanionic charges. The advantage of using these conducting 
polymers in making these composites is the ability of these polymers to inject holes which make 
them useful in a host of devices including organic light-emitting diodes and field-effect transistors, 
besides interconnects and resistors. 
 
2.3 Insulator-metal transformation in nanoparticles and nanocomposites 
2.3.1 Experimental details 
2.3.1.1 Conductivity measurements 
 
The Au nanoparticles and Au: PEDT nanocomposites were dropcast on to 4-in-line lithographically 
pattered glass substrates. The conductivity of these films was monitored as a function of annealing 
temperature. For these measurements, 0.25–1-µm-thick films were deposited by drop casting on to 
lithographically patterned four-in-line substrates (L = 50 and 250 µm; w = 2.4 and 4.8 mm) as 
shown in Fig 2.3. The advantage of using these 4-in-line substrates are the near absence of 
contact resistance and hence providing an accurate picture. The samples were dropcast in ambient 
air inside a laminar flow hood and then transferred into a glove box with moisture and oxygen down 
to 1 ppm. The annealing of the samples was done on a four probe station with a heated stage. The 
heat ramp rate was set to 2o C/min. Current was injected into the outer probes and voltage 
measured between the inner probes.  σdc was extracted from the Ohmic slope of current–voltage 
characteristics (Keithley 4200 semiconductor parameter analyser). The thickness of the films was 
estimated using a Tencor profilometer. The profilometer is a stylus based measuring device which 
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uses force feedback to profile the crests and troughs in a surface. To determine the thickness, 
scratch marks were made on the sample surface after annealing and the profilometer thus can 





=σ  where L is the distance between the two inner lines (50 or 250 µm) , W is 
the length of the lines (2.4 or 4.8 mm) , t is the thickness of the film and R is the resistance.  
 
2.3.1.2 Optical micrographs and AFM 
The nanoparticles and nanocomposites were dropcast on to separate fused silica substrates and 
subjected to annealing. Optical micrographs at different stages of annealing were recorded. 
Further, AFM images of the same films were also recorded using a Nanoscope system and tapping 
mode was used. 
 
2.3.1.3 X-ray photoelectron spectroscopy 
 
To determine the elemental composition before and after annealing, core-level and survey x-ray 
photoelectron spectra were acquired on an ESCALAB MkII spectrometer at a base pressure better 
than 10–9 mbar using MgKα1,2 x-ray photons (1253.6 eV) illuminating at 54.7º relative to electron 
analyser entrance. Continuous thick sample films of both the nanoparticles and the 
nanocomposites before and after annealing were cast on evaporated polycrystalline Au substrates. 
Core-level energy resolution was selected to be 0.7 eV and pass energy 20 eV. Quantification was 
performed by core-level peak integration after linear background subtraction, and corrected with 













Fig 2.3 (a) Lithographically patterned 4-in-line substrates (L = 50 and 250 µm; w = 2.4 and 4.8 mm) 
(b) Optical micrograph of the nanocomposites film on the 4-in-line substrates. The vertical scratch 
lines are done on purpose after the conductivity measurements to determine the thickness using a 
Tencor profilometer. Since the films were dropcast, there is a thickness nonuniformity of about 10% 






2.3.2 Conductivity measurements: Results and discussions 
 
Fig 2.4(a) shows the neat nano Au film σdc with anneal temperature in nitrogen. The nano-Au films 
as-deposited give σdc ≈ 10–7–10–6 S cm–1, and are in the insulator regime,[28, 38, 45] due to the 
expected tunnelling or charge-hopping[46] across the alkyl ligand shell between the clusters before 
annealing. Upon annealing to 160–200ºC, σdc increases to 4x10–4 S cm–1, and then more sharply 
at 195–215ºC to > 3x105 S cm–1, independent of cluster size in the 22–42-Å range. This 
temperature (Tp) corresponds to the onset of the percolative insulator-to-metal transformation to 
form interconnected conducting paths between the Au clusters as a result of cluster–cluster 
coalescence. The Tp found here is similar to that reported for toluene-soluble 50-Å Au clusters 
protected with long alkylthiols (C8–C12).[4]  
 
Fig 2.4 (b) shows the σdc of different Au polymer films with anneal temperature in nitrogen. The 
Au–polymer films have a slightly higher initial σdc ≈ 10–6–10–5 S cm–1, due to the PEDT matrix 
which sets a background σdc ≈ 10–6 S cm–1. PEDT is a robust conducting polymer that can tolerate 
up to 300ºC in nitrogen. σdc rises to 10–5–10–3 S cm–1 at 160–200ºC, depending on film 
composition and cluster diameter. The 70:30 v/v Au–PEDT films with 22–33-Å-diam. Au transform 
between 210–230ºC to the highly conductive state with σdc ≈ 3x105 S cm–1. 
 
After the transformation, the conductivity is expectedly to be determined by the length and density 
of the percolated metallic paths. These appear to be sufficiently high for large σdc to be reached 
even in the presence of the PEDT polymer matrix. The matrix thus appears to retard Tp marginally 
by only 15–20ºC, and has no detrimental effect on the final σdc for films with high Au volume 
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fraction of ≈ 0.7 and small Au size of 33 Å or less.  This also proves that the Au–polymer films are 
homogeneous, otherwise the percolated paths would break in the macroscopic regions with low 
cluster density. This homogeneity contrasts with the usual phase separation in many nanoparticle–
polymer systems, and has been directly proven by transmission electron microscopy for films with 
relatively low Au cluster density (< 30 vol% Au, Fig. 2.2). Films with higher cluster density were too 
opaque to the electron beam – its homogeneity has been established indirectly from the observed 
conductive percolation as well as from optical transmission spectroscopy. No phase separation 
occurred here even in the solid state, presumably due to favourable interaction (both ionic and 
hydrogen-bonding) between the polymer and the ligand shell. Fourier-transform infrared 
spectroscopy confirms that the terminal groups in the protection monolayer are in the ionic –COO– 
form (See Chapter 3), which should afford favourable ionic interactions with the PEDT 
polyelectrolyte complex. 
 
For the Au PEDT nanocomposite with larger Au clusters, Tp is further retarded, and the 
attainable σdc was decreased, as confirmed by data taken out to higher temperatures as shown in 
Fig 2.5. This is not unexpected, since the films with larger Au clusters had a proportionally larger 
mean inter-cluster spacing, which adversely affected the development of the percolation paths. The 
Tp and final conductivity is independent of particle size for the Au nanoparticle films. However in the 
case of the nanocomposite with larger Au clusters, the matrix impedes the formation of percolated 



































































































Fig 2.4 .Film dc conductivity as a function of anneal temperature (hotplate: ramp rate 2ºC min–1) in 
nitrogen. (a) Pure Au (33- and 42-Å-diam.) films. (b) 70:30 vol/vol Au–PEDT films with 22-, 33- and 
42-Å-diam. Au, and of 50:50 vol/vol Au–PEDT and Au–PHOST films with 22-Å-diam. Au. Hotplate 






















Anneal temperature (ºC)  
Fig 2.5. Film dc conductivity as a function of anneal temperature (hotplate: ramp rate 2ºC min–1) in 
nitrogen for 70:30 vol/vol Au–PEDT films with 42-Å-diam. Hotplate temperature was calibrated by 
melting-point references. The final film conductivity is determined by the size of the Au 
nanoparticles and the volume fraction and is not a temperature effect alone. 
 
In these homogeneous composites, the mean inter-cluster spacing is set by the matrix volume 
fraction spanning the inter-cluster space and the cluster diameter in addition to the ligand shell 
thickness. This is explained in greater detail in appendix 2.1. The volume fraction and cluster 
diameter therefore provide a sensitive means to adjust the overall conductive properties of the 
nanocomposite. 
 
We have determined that for films with lower Au content down to 30:70 v/v, the percolative 
transformation still occurred, but the maximum σdc was greatly reduced (to 2x103 S cm–1 for 50:50 
v/v; and 6x101 for 30:70). This suggests that the volume percolation threshold (vc) is near 0.3.[47] It 
appears broadly consistent with the random-lattice percolation model which predicts vc = 0.3 and 
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the simple-cubic lattice model for bond percolation predicts vc = 0.25.[47] Just above percolation, 
σdc is expected to scale as (v – vc)p where p is the critical exponent.[47] From the limited data, we 
deduced p ≈ 2 and vc ≈ 0.26. Even with a dielectric polymer as matrix (PHOST), the films still 
showed the conductive percolation transition (see Fig 2.4 (b)). 
 
Therefore these materials provide a means to regulate the final film conductivity between 10–4 and 
a few 105 S cm–1 depending on volume fraction and cluster diameter. This is the organic analogue 
of the well-known inorganic cermets, and allows practical resistors 1–107 Ω to be fabricated by 
printing. Without the polymer matrix, this is not readily possible because of the more rapid 















2.4 Film morphology and heat treatment: The role of the polymer matrix 
2.4.1 Morphology change with annealing 
 
A key distinction between films fabricated from pure Au clusters and from the Au–polymer 
nanocomposites lies in the greater thermal stability of the nanocomposites. Figs. 2.6(a)–(d) shows 
for comparison the optical images of the pure nano-Au film with anneal temperature. Micro cracks 
were formed in the Au film even at relatively low temperatures, due to severe volume reduction 
during elimination of the protecting ligand shell, which can amount to as much as 50% for 33-Å Au 
cores protected by a 5-Å ligand shell. Furthermore the ultra thin Au films obtained (<100 nm) were 
not thermally stable and started to show signs of breaking up (due to high surface mobility of Au 
atoms) above 250ºC. The ultra thin Au–polymer nanocomposite films on the other hand maintain 
their integrity up to 300ºC. The polymer matrix in our Au–polymer films thus acted as a binder to 
improve significantly the film cohesion both during deposition and the subsequent annealing, 
thereby preventing micro cracks and dewetting. The nano-Au and in particular the Au–polymer 
films passed the scotch-tape peel test on substrates treated by silylation (e.g., HOOCCH2CH2SiO3-
treated silicon substrates), in contrast to those obtained from alkylthiolate-protected nano-Au. This 
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Fig 2.6. Surface morphology of nanogold films with and without the polymer matrix. (a)–(f) Optical 
micrographs on hydrophilic fused silica substrates: 0.5-µm-thick Au(33-Å) film at (a) room 
temperature, and after annealing (5 min, nitrogen) at (b) 180ºC, (c) 240ºC, and (d) 280ºC; and 0.5-
µm-thick 70:30 Au(33-Å)–PEDT films at (e) room temperature, and (f) after annealing at 280ºC. (g) 
and (h) AFM images of the same film after annealing at 240ºC: (g) Au (33 Å) film; (h) 70:30 Au(33-
Å)–PEDT film. The initially black films turn to a gold lustre above 200ºC for Au, and 210ºC for Au–
PEDT film. Microscopic cracks are found in Au film even at relatively low anneal temperatures, but 
not in the Au–PEDT film. At elevated temperatures above 250ºC, gigantic cracks appear as a result 
of volume shrinkage. The Au–PEDT films on the other hand remain smooth and continuous up to 











2.4.2 X-ray photoelectron spectroscopy characterisation: Wetting of the Au 
nanoparticles by the PEDT matrix 
 
The atomic ratios calculated from the XPS results were consistent with the Au : thiol feed ratio of 
the protected Au clusters. For example, the 33-Å-diam. Au clusters protected with 7:1 ratio of ω-
OH-undecylthiol and ω-COO-hexadecylthiol and isolated by H2O precipitation gave 20 at% Au, 
77% C, and 3% S, 0.3% N, while Br, Cl, Na and B impurities if present were below detection limit 
(<0.1 atom%). The N arises from the Oc4N+ counter-ion to the surface –COO– groups. The ratio of 
N/S was consistent with the feed ratio of ω-OH-undecylthiol and ω-COO-hexadecylthiol ligands. 
 
Fig 2.7 shows the Au4f, S2p and C1s XPS core-level spectra[48] for Au(42-Å) and 70:30 Au(33-
Å)–PEDT films before and after annealing. The as-deposited Au colloid film shows S2p3/2 at 162.2 
eV, C1s at 285.2 eV and Au4f5/2 at 84.1 eV, consistent with thiolate-protected Au. The atomic 
ratios changed little before and after annealing (less than 20%) at 0.19 for S/Au and 3.1 for C/Au. 
After annealing, the thiolate was replaced by an organosulfur specie at 163.9 eV; probably in the 
form of a sulphur-containing oligomer or polymer formed by reaction of the ω-OH and COOH 
groups. This meant that the ligand shell, even though desorbed from the nanoparticles, was still 
retained in the film. However this did not prevent the attainment of the conducting state. Hence the 
ligand shell was probably present as small occlusions between the percolated domains. These 
results are similar to Buttner et al[49] who also did not see a great reduction in the S/Au ratio as a 
function of annealing temperature for large chain thiols and there is a possible formation of a 
sulphide or dialkylsulphide species[50]. However our nanoparticles were capped by ligands with 
carboxyl and hydroxyl groups which resulted in an organosulfur species. Both these results differ 
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from self assembled layers of alkanethiols containing as many as 12 Carbon atoms on flat Au 
surfaces is completely desorbed at around 130 °C.[51] 
 
The as-deposited Au-PEDT film showed, in addition to the thiolate sulphur, the expected PSSH 
S2p3/2 at 168.1 eV. After annealing, the thiolate was completely eliminated, revealing the 
underlying PEDT feature at 163.8 eV. The PEDT:PSS feature was in fact enhanced at the surface, 
with the PSS:Au ratio increasing from 0.15 to 0.4 while the net C/Au remains unchanged at 7.2. 
This surprising observation indicated that PEDT:PSS wetted the Au to form an ultra thin layer at 
the surface. This will be an advantage for hole-injection into organic electronics since PEDT:PSS is 
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Fig 2.7 XPS Au4f, S2p and C1s for core-level spectra for (a), (b) Au(42-Å) film as-deposited and 
after annealing at 260ºC in nitrogen respectively; and (c), (d) likewise for Au(33-Å)–PEDT 70:30 
film. Binding energies are referenced to Au4f7/2 at 84.0 eV, intensities are normalized to total Au4f, 
and spectra are offset for clarity. For the Au film, the thiolate protection layer is eliminated, but the 
thiol is retained in the film probably as an organic oligomer or polymer from reaction with the 
terminal OH and COOH. For the Au-polymer film, the thiol is completely eliminated upon annealing, 
while the PEDT:PSSH spectrum is intensified indicating that the PEDT:PSSH wets the gold surface 









2.5 Applications:  
2.5.1 “All printed “ transistor  
 
Transistors with screen printed electrodes [52] and by dip casting and patterning techniques 
[53]have been demonstrated. To demonstrate the viability of these nanocomposite materials, we 
fabricated a top gated polymer organic p-type FET. Glass substrates were first cleaned by oxygen 
plasma. Then the surface was made hydrophobic by treating with hexamethyldisilazane followed 
by printing the interconnect and source–drain electrodes from a Au (33-Å)–PEDT solution using a 
picolitre pipette. The channel was created by micro-cutting the deposited electrodes. (length, L = 
30 µm and width w = 400 µm).  
 
The substrate was then annealed to 250°C for 10 minutes to anneal the Au PEDT nanocomposites 
into a conducting structure. The semiconducting polymer poly(9,9-dioctylfluorene-co-(phenylene-
(N-4-sec-butylphenyl)-iminophenylene) (TFB) was spin cast to a thickness of 50 nm. The gate-
dielectric divinyltetramethyldisiloxane-bis (benzocyclobutene) (BCB) was spin cast on top of the 
TFB. It was then cross linked by rapid thermal annealing at 290°C inside the glove box for 15 
seconds. Finally surfactant-ion-exchanged PEDT gate-electrode[54] was deposited on top. It is 
then again annealed at 180°C for 2 min for enhanced adhesion of the PEDT to the BCB surface. 
Fig 2.8(a) and (b) shows the optical micrograph and cross-sectional schematic of the device which 




















50-nm TFB (semicond) 
130-nm BCB (dielectric) 
 
                                                     
Fig 2.8. “All-printed” polymer field-effect-transistor. (a) Optical micrograph of the all-printed polymer 
organic p-FET with current-carrying nano-Au–PEDT as source drain electrodes and PEDT as gate 
electrode, TFB semiconductor, and cross-linked BCB gate dielectric. The channel (L = 30 µm; w = 
400 µm) was formed by stylus micro-cutting. (b) Cross-sectional view of the layers 
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 Fig 2.8 (c) Logarithmic output characteristics of the device (d) Transfer characteristics of the 
device. The characteristics were similar to those obtained on lithographically patterned arrays. The 




































Fig 2.8(c) and (d)shows the transfer and output characteristics obtained respectively. The 
moderate Vgs threshold was due to the semiconductor. Good saturation and on-off ratio were 
obtained even for such a small channel width. The linear field-effect hole mobility is determined to 
be 4x10–4 cm2V–1s–1, which is slightly higher than corresponding devices fabricated on 
lithographically patterned Au source-drain arrays.[54] This shows that the Au–PEDT electrode 
described here is able to inject holes well into TFB and did not have detrimental effects on 
transistor performance. 
 
Also, these nanocomposites can be printed. Fig 2.9 shows printed lines of the nanocomposites 
using a Dimatix printer DMP 2800 on to glass substrates. 
 
 
Fig 2.9 Photograph of single pass printed Au:PEDT 70:30 lines on glass (a) printed at 60°C plate 
temperature (b) annealed in glove box at 250°C. These were printed on glass using a Dimatix 
DMP 2800 printer. 
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2.5.2 Electrically Induced insulator-metal transformation–Memory devices 
 
Vertical cross wire cell structures were fabricated. First, 5 nm Cr and 50 nm Au films were 
thermally evaporated on to 1 cm2 glass substrates. 60 nm PEDT film was spun on them. On top of 
it, 250-nm film of 50:50 Au(33-Å)–PEDT was spun followed by a 60-nm PEDT film on top. Finally 3-
nm Cr/ and 100-nm Au was thermally evaporated on top at an orientation perpendicular to the 
bottom metal electrodes. I -V measurements of the cross wire cell structures were recorded using a 
Keithley 4200 Semiconductor characterization system. 
 
The cross wire structure shown in Fig 2.10 was fabricated as described earlier. In such a design 
there are no shorted paths that may form in normal orthogonal electrode type structures. 
50 mm
 
Fig 2.10 Photograph of the cross wire structure used for making the memory cells. 
 
The I-V characteristics of the device is shown in Fig 2.11. At low voltages, the cell gave the 











































































Fig 2.11 Electrically-induced insulator–to–metal transformation.(a) Current-voltage (IV) 
characteristics of pristine sandwiched cross-wire cells showing an electrically-induced insulator-to-
metal transformation at 40 V corresponding to 1.6 MV cm–1 (Rinitial = 20 kΩ, Rfinal = 300 Ω). Inset: 
IV characteristic at lower fields before transformation. (b) IV characteristics of cells pre-annealed to 
220ºC (2 min, N2) showing the transformation now occurred at a lower field of 0.9 MV cm–1 upon 
the development of nascent percolation paths during the anneal (Rinitial = 650 Ω, Rfinal = 40 Ω). Cell 
structure: glass/ 5-nm Cr/ 50-nm Au/ 60-nm PEDT/ 250-nm 50:50 Au(33-Å)–PEDT/ 60-nm PEDT/ 
3-nm Cr/ 100-nm Au. Area, 1x10–4 cm2. Current compliance was set to 15 mA for (a) and 40 mA for 
(b). Parasitic resistance due to line and probe was less than 10 Ω. (Data collection done in 







field resistance of 20 kΩ, corresponding to σdc ≈ 5x10–6 S cm–1. As the applied voltage was 
ramped to 40V,the cell resistance dropped abruptly to 300 Ω and the IV characteristic turns Ohmic 
(10–3 S cm–1). It is clear that the insulator-to-metal transformation did not pervade the entire bulk of 
the Au–PEDT, but was limited possibly to filamentary paths. Upon annealing of another cell to 
220ºC to reach just the onset of thermally-induced transformation, the cell resistance dropped from 
20 kΩ to 650 Ω (4x10–4 S cm–1) as expected. For this cell, during the voltage ramp, the cell 
resistance dropped abruptly to 40 Ω (10–2 S cm–1) when V reaches only 25 V. 
 
The “writing” voltage required now was lower than before. Consistent with the presence of nascent 
Au conducting paths that have been induced thermally, the electric field required to completely 
percolate these paths is smaller. Once formed, the current conduction paths were stable and 
irreversible, in contrast to the known reversible formation of electrical shorts in dielectric films,[55] 
or with Au charge-transfer complexes[56]. This suggests possible non-volatile memory 
applications[57] for these printable cermets. However, since the current filament passes through 
Au clusters, its properties (volume fraction, size and pre-anneal temperature) provide a means to 









Passivated metal nanoparticles used so far suffer from a host of issues relating to the stability of 
the nanoparticles and the integrity of the film and the device it was incorporated into. We have 
addressed these by modifying the Brust process to synthesise highly concentrated dispersions of 
Au nanoparticles in water and alcohols and incorporating them into polymer matrices. These 
nanocomposites formed stable films that can be annealed to form conducting structures. The 
presence of the polymer matrix gave the film its stability and integrity. Also the resistivity of these 
films can be tuned by varying the Au nanoparticles size, the volume fraction of Au in the polymer 
matrix and the annealing temperature. These nanocomposites have been used successfully as the 
electrodes in a transistor. The transformation can also be induced electrically, allowing us to make 













Appendix 2.1 Estimation of the inter-cluster spacing 
 
In a matrix with embedded clusters, the mean inter-cluster spacing is set by the matrix volume 
fraction spanning the inter-cluster space and the cluster diameter in addition to the ligand shell 
thickness. By considering the clusters as spheres inside a continuous matrix and using standard 
lattice structures, we can understand the dependence of the inter cluster spacing on the cluster 














































Fig 2.A.1. Mean inter-cluster spacing normalised to cluster radius (d/r) as a function of cluster 
volume fraction (Vf), computed as the arithmetic mean of the inter-sphere spacing to the first 
coordination layer of face-centred-cubic and a body-centred cubic lattices (see section below), 
excluding the ligand shell thickness. It is not possible to increase cluster volume fraction beyond 


























For the case of uniform (random) distribution of identical spheres inside a continuous matrix, each 
sphere has between 8 and 12 neighbours in the first coordination layer.[58]The 12-neighbour case 
represents close packing, while the 8-neighbour case represents open packing. The problem is 
related to random close-packing and can be addressed by Monte Carlo simulation, but for 
simplicity here, we will estimate the inter-sphere distance to the first coordination layer as the mean 
of the corresponding inter-sphere spacing in a face-centred cubic structure (fcc, 12-coordinate) and 
in a body-centred cubic structure (bcc, 8-coordinate). The respective distances in these cells are 
well known in standard crystallography texts and are discussed here for completeness. 
 
For an fcc lattice of spheres: Denoting the fcc cell length by a, the fcc face diagonal is 
This face diagonal is given also by , where r is the radius of the spheres, and d is the 
inter-sphere distance (see sketch below). Therefore . The volume fraction  
 
of spheres in this structure is thus, where the volume 
fraction Vf is written explicitly in terms of the d/r ratio.   
 
 
For a bcc lattice of spheres: Denoting the bcc cell length by a, the bcc body diagonal is 23a . 
This body diagonal is given also by where r is the radius of the spheres, and d is 



















For a random packing of spheres, we took the arithmetic mean of Vf,fcc and Vf,bcc for each d/r, and 
plotted the result in Fig. 2(d). It is clear that for a given Vf, the inter-sphere spacing is directly 
proportional to the sphere radius. The bigger spheres will be proportionally further apart than 
smaller ones due to geometric effects of the intervening medium. For the case of Au clusters with a 
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Optical modeling of the evolution of the plasmon band of 
nanoparticles in pure thin films and in polymer matrices as a 
function of heat treatment 
 
In this chapter, we investigate in greater detail the insulator to metal transformation in the Au 
polymer nanocomposites by using optical and FTIR spectroscopy. The spectral shape of the 
plasmon excitation at 500-600 nm in thin films of gold colloids and their nanocomposites can be 
quantitatively modelled in a surprisingly simple way by simultaneously treating (i) the nanocrystal 
quantum-size effect, (ii) the packing and core–shell nanostructure effect, and (iii) the thin-film 
optical effect. This allows one to extract the state of the nanocrystals, their interaction and 
morphology. To characterize the internal film morphology using optical spectroscopy, we first 
developed models for the Au–PEDT composite nanostructure at different stages of anneal, and 
calculated their optical transmission spectra. We show that there is a progressive desorption of the 
ligand shell followed by formation of percolated paths during the sintering process. Complete 








The role of the polymer matrix as a molecular “filler” in limiting the coalescence of the neighbouring 
Au clusters and hence in controlling the percolation of the Au paths is confirmed by optical 
spectroscopy. If the Au clusters were allowed to coalesce completely as in neat films of the 
clusters, the films suffer a huge volume reduction and large lateral stresses. The change in film 
morphology during the sintering process can’t be characterized by TEM because the high volume 
fraction of Au nanoparticles would make it impossible.  
 
Optical spectroscopy turns out to be still useable to characterize their internal morphology for films 
up to 100-nm thick. The optical properties of small inorganic and organic metal particles[1-3] and 
thin film cermets have been studied and attempts have been made to model their optical 
behaviour[4-6]. The optical plasmon resonances of metal nanocrystals have been intensively 
studied with respect to core size,[7-10] core separation,[9, 11-13] core aspect ratio,[9, 14-16] and 
medium dielectric effects,[9, 17, 18]. Some attempts have been made to model their behaviour in 
condensed films[11, 15, 16, 19-21] which are of fundamental importance for certain applications.  
 
The optical modelling gives us a better understanding of the nanostructure evolution as a function 
of heat treatment for the nanoparticles and the nanocomposites. To understand better the chemical 
changes occurring to the ligand shell and the nature of chemical interactions of the ligand shell with 




3.2 Experimental details 
3.2.1 Ultraviolet-visible absorption spectroscopy  
 
The 2-3-nm-diameter nearly-monodispersed Au nanocrystals were protected by a 1:10 mol/mol 
mixed monolayer of 16-mercaptohexadecanoic acid and 11-mercaptoundecanol. Three uniform 
thin films were made by spin-casting or drop-casting on fused silica substrates: A 56-nm film of 
3.3-nm-diam. Au nanocrystals, B 135-nm film of 3.3-nm-diam. Au nanocrystals dispersed in 
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonic acid) (PEDT:PSSH) matrix at 70 vol%, and 
C 88-nm film of 2.2-nm-diam. Au nanocrystals dispersed in PEDT:PSSH at 50 vol%. Particle sizes 
were established by transmission electron microscopy (TEM). Their optical transmission spectra 
were recorded after different anneal temperatures Tanneal in a N2 glove box (pO2, pH2O < 1 ppm) on 
a calibrated hotplate. We used Ocean Optics DW1024 spectrograph to measure the absorption 
spectra of the devices.  
 
3.2.2 FTIR Spectroscopy 
 
Films of the neat Au nanoparticles and the Au:PEDT nanocomposites were prepared by drop 
casting on to intrinsic Si substrates. The FTIR spectra were collected at different annealing 
temperatures leading to the final transformation to a highly conducting metallic state. The 
annealing was done in a nitrogen atmosphere to prevent any oxidative degradation of the 




3.3 Results and discussions 
3.3.1Ultraviolet-visible absorption spectra: Experimental and calculated spectra 
3.3.1.1 Spectral features 
 
These spectra are shown in Figs. 3.1(a), 3.2(a) and 3.3(a) respectively for the three films.  In all 
cases, the thermal transformation can be divided into three stages: the nano-Au plasmon band[2, 
22] near 540 nm shows an initial sharpening after low Tanneal of ca. 100–140ºC (stage-I); followed 
by an intensification and red shift (stage-II); and then from Tp onwards broadening and (partial) 
disappearance into an emerging long-wavelength Drude absorption tail (stage-III). Tp depends on 
composition (195ºC, 220ºC and 250ºC for A, B and C respectively), core size, and the protection 
monolayer.[23]  
 
There is a decrease in the sharpness of the transformation for the Au PEDT nanocomposites. This 
makes it possible to cross the insulator–metal boundary in steps to obtain more detailed 
information. From optical spectroscopy, the emergence of the Drude tail indicates the insulator-to-
metal transformation occurs over 215–230ºC, which is fully consistent with σdc measurements. 
However, the plasmon band remains distinct even for films annealed to 255ºC, which indicates 
retention of the cluster character in these nanocomposite films although this is nearly completely 
obliterated by 195ºC in the pure Au cluster film. We can conclude that the polymer matrix does not 
allow the nanoparticles to sinter into a completely bulk like state but still allows it to transform into a 
high conductive state. 
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We describe in this chapter a simple but self-consistent model that can correctly describe the 
optical spectra of these films by taking into account: (i) the quantum-size effect of the nanocores, 
(ii) the nanostructure related to core-shell morphology and packing, and (iii) the thin-film optical 
effect giving rise to reflection, absorption and interference. Most of the required inputs can be 
known from independent measurements, leaving only a few nanostructure parameters to be 
determined, from which crucial insights into the state, interaction and morphology of the thiol-
protected Au nanocrystals during heat treatment are obtained. 
 
3.3.1.2 Optical model and general features:   
 
Nano-Au dielectric function:  
 
We found it is sufficient to correct the complex dielectric function of Au for enhanced intra-core 
electron scattering in a classical way by replacing γbulk  with γnano to give the Au nanocore function 
Au























C Fbulknano +γ=γ , in which C is an scattering constant, vF is the Fermi velocity (14.1x1014 
nm s–1), r the particle radius, ωp is the plasmon frequency (1.3 x 1016 s–1), and bulkγ  is the bulk 
scattering frequency (1.64 x 1014 s–1). Aubulkr ,ε  was obtained by spectroscopic ellipsometry on 300ºC-
annealed thin films of evaporated Au, which differed slightly from published results[26] (no kink in 
our data).We found that C = 2.0 for nano-Au at Tanneal < 120ºC, but decreases to 0.75 for higher 
Tanneal. This reduction in intra-core electron scattering arises from a relaxation (and perfection) of 
the annealed Au cores. 
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General : 
The complex dielectric functions of the films were then computed using an appropriate effective 
medium approximation (EMA),[27] followed by their optical transmission spectra using Fresnel 
transfer matrices.[28] Effective medium approximations or EMAs are analytical models that 
describe the macroscopic properties of a medium based on the properties and the relative fractions 
of its components. They are continuous theories and do not relate directly to percolating systems. 
Mie scattering can be neglected for the very small Au cores investigated here. The calculated 
spectra together with the input nanostructure parameters are shown in Figs. 3.1(b)–3.3(b) for the 
three samples. The two major EMAs describing heterogeneous mixtures are the Maxwell garnett 
EMA and the bruggeman EMA. The Maxwell garnett EMA is expected to be valid for low volume 
fractions of one material in another or in other words a “guest-host” morphology. The Bruggeman 
EMA is expected to be valid for a continuous mix where the two components are indistinguishable 
from one another. The transformation is illustrated by a simple schematic shown in Fig 3.4. 
 
Maxwell–Garnett effective medium approximation : 
For a guest—host morphology of isolated nanoparticles dispersed in a matrix, the Maxwell–Garnett 
(MG) formulation provides the appropriate EMA[27] which generates the plasmon resonance. This 
is the case for the as-deposited films, as proven by TEM and dc conductivity studies. 
 
The polarisability of the Au-thiol core-shell particles in the polymer matrix was first computed 























































= is the ratio of the core radius (r) to the sum of core and shell thickness (r + 
t), mrε is the complex dielectric function of the polymer matrix (or air, in the case of pure nano-Au 
films), and shellrε  is that of the ligand shell.[26, 30] The initial value of q is based on half of the inter-
cluster separation, measured by transmission electron microscopy. This is shorter than the length 
of the self-assembled monolayer used (11-mercaptoundecanol, 1.9 nm; and 16-
mercaptohexadecanoic acid, 2.4 nm), which indicates either less-than-close packing of the ligand 
molecules on these small clusters, or large ligand tilt angles. Progressive thermal desorption of the 
ligand shell during thermal anneal causes q → 1, which was thus a fitting parameter for the 
thickness of the shell. With increasing desorption, the remaining tethered thiol molecules pack at 
increasing tilt angles and hence give smaller effective shell thicknesses. 
 















         [Eq 3] 
where f is the volume fraction of the Au cores in the matrix (f + fshell + fmatrix = 1), assuming no new 
voids formed. For the pure nano-Au film, fmatrix was taken to be the void volume fraction for random 
close packing (35%). It turned out that MG EMA reproduces the experimental results surprisingly 
well despite the high volume fraction of the “guests”.[11] This suggests a fortuitous negation of the 
local field correction,[27] probably as a result of the random close-packing of these core-shells 





Bruggeman effective medium approximation: 
MG was thus the appropriate EMA until Tp at which Au coalescence occurs to give a sharp onset of 
dc conductivity. This percolative transition leads to a bi-continuous “smeared-out” morphology in 
which the guests and the host are indistinguishable. In such a case, Bruggeman (Br) EMA should 



























Au ff       [Eq 4] 
where fAu is the volume fraction of Au and (1 – fAu) of the matrix (or air). The ligand shell is largely 
desorbed by this stage. We still use Aurε  = 
Au
nanor ,ε  here due to its nanostructure texture that 
persists past the percolative transition. 
 
EMA of component EMAs: 
Comparison with experiment shows that Br EMA gives a reasonable description of the neat nano-
Au film, but not the matrix-dispersed ones as a fraction of the plasmon band intensity survives. 
Therefore the film morphology at this stage exhibits both guest–host and bicontinuous character as 
shown in Fig 3.5. To describe such morphology, we applied Br EMA once more to the mixture of 



























p ff        [Eq 5] 
where fp is the volume fraction of the percolated domains, and 
f
rε is the Br dielectric function of the 
film. This yields fp as the second fitting parameter which reveals the fraction of percolating Au. It 
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was found that the onset of dc electrical conductivity occurs at pf ≈ 0.24, which is consistent with 
theoretical simulations.[31]  
 
The transformation from an insulating state to the conducting state is envisaged as shown below. 
The initial morphology is that of a core-shell type structure. There is an initial nano core relaxation 
followed by a progressive desorption of the ligand shell and then percolated paths are formed. The 



















Fig 3.1 (a) Experimental and (b) calculated optical transmission spectra of a 56-nm-thick 3.3-nm-
dia. nano-Au film after different heat treatments as indicated (5-min, N2) on fused silica. Table gives 
the nanostructure parameters used in the calculations: Scattering constant C, shell thickness t and 
percolated volume fraction fp are fitted parameters. Core-to-total radius q, core volume fraction f, 
and film thickness d are derived parameters, completely determined by r and t (see text). Core 
radius r = 1.6 nm throughout. 
 i Ii iii iv v 
C 2.0 0.75 0.75 0.75 0.75 
t (Å) 5.0 4.0 3.0 0.0 0.0 
q 0.76 0.79 0.84 1.00 1.00 
f 0.29 0.33 0.39 0.65 0.7 
fp 0.00 0.00 0.00 0.00 0.9 












































































 I ii iii iv v vi vii 
C 2.0 0.75 0.75 0.75 0.75 0.75 0.75 
t (Å) 5.0 5.0 4.0 0.2 0.0 0.0 0.0 
q 0.76 0.76 0.80 0.98 1.00 1.00 1.00 
f 0.31 0.31 0.36 0.67 0.70 0.70 0.70 
fp 0.00 0.00 0.00 0.00 0.15 0.20 0.25 
d (nm) 135 135 117 63 60 60 60 
 
Fig 3.2 (a) Experimental and (b) calculated optical transmission spectra of a 135-nm-thick 3.3-nm-
dia. nano-Au dispersed in PEDT matrix at 70 vol% after different heat treatments as indicated (5-












































































 I ii iii iv v 
C 2.0 0.75 0.75 0.75 0.75 
t (Å) 4.0 1.0 0.5 0.0 0.0 
Q 0.69 0.81 0.96 1.00 1.00 
f 0.21 0.42 0.48 0.53 0.53 
fp 0.0 0.0 0.0 0.0 0.1 
d (nm) 88 44 39 35 35 
 
Fig 3.3 (a) Experimental and (b) calculated optical transmission spectra of a 88-nm-thick 2.2-nm-
dia. nano-Au dispersed in PEDT matrix at 50vol% after different heat treatments as indicated (5-





































































loss of ligand shelldevelopment of
percolated paths
relaxation of Au coreas-deposited
 
Fig 3.4 Schematic outline of the evolution of the film nano-morphology. There is an initial relaxation 
of the Au core which results in lesser intra core electron scattering. This is followed by progressive 









Fig 3.5 Two limiting nanostructures: (Left) Guest–host morphology, whose optical properties are 
given by the MG EMA; and (right) fully-percolated morphology, optical properties given by the Br 
EMA. The actual morphology achieved after annealing is a mixture of these two limiting forms, and 
its optical properties are obtained as a Br EMA approximation of these two forms. 
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This procedure turns out to be suitable in modelling the plasmon band for different core sizes, 
volume fractions, and coalescence of the Au NPs, whether neat or diluted in a matrix. Only two 
nanostructure parameters (t and fp) are required to quantitatively reproduce the absolute 
transmission spectra for figures shown in figures 3.1(a)-3.3(a), including subtle spectral crossovers 
without any “normalization.” This gives confidence in the parameter sets from which the following 
picture emerges. In stage I, the sharpening and intensification of the plasmon band arises from a 
reduction in the intracore electron scattering presumably due to improved perfection within the Au 
cores. Even in neat Au film, the core-shell structure remains intact as the monolayer-protected NPs 
here do not coalesce prematurely to dimer or chains, which have large red shifts. In stage II, the 
progressive red shift and further sharpening of the plasmon band arise from enhanced core-core 
plasmon coupling due to diminishing separation as the ligand shell desorbs over 170–200 °C. This 
temperature range is higher than for alkylthiols on flat Au surfaces[32, 33] probably due to stronger 
thiol Au[34] and ionic or hydrogen bonding stabilization of COO−, COOH, and OH groups in the 
shell. In stage III, this band further broadens and red shifts out to ≈700 nm, gradually losing its 
identity to a rising Drude tail. This arises from core-core coalescence modelled by Br EMA here. By 
this stage, the ligand shell is gone although x-ray photoelectron spectroscopy suggests some 
sulphur is retained probably as occluded sulphides in the films (See chapter 2). In Fig 3.1 (b), the 
percolative transformation occurs abruptly, while in Fig 3.3 (b), it is suppressed by matrix dilution 
and the plasmon signature remains even after 250°C. In Fig 3.2(b), for which the transformation is 
sufficiently broadened, the optical modelling here together with electrical data (See chapter 2) 





3.3.1.3 Optical transformation and Electrical transformation 
 
The nanoparticle film that is spun or dropcast looks dark brown. On subjected to heat treatment, 
the colour of the film changes to give a golden lustre. The appearance of the golden colour does 
not coincide with the electrical transformation always. We observed in certain cases the 
appearance of a golden lustre in annealed films but these were still insulating. The appearance of 
percolated paths may be preceded by the appearance of a golden lustre. We calculated the 
reflected power of the three films described earlier and used that information to see the relation 
between the electrical and the optical transformation.  
 
Fig 3.6 shows the reflected power spectrum of the 56-nm-thick 3.3-nm-dia. nano-Au film for the 
various stages of annealing. In the spectra (i)-(iv), the shell is progressively being desorbed and it 
is described by the Maxwell Garnett EMA. The spectrum (v) corresponds to the almost fully 
percolated state with a fraction of core-shell structures present and is described mainly by the 
Bruggeman EMA. The reflected power of the light in the range 550-700 nm steadily increases 
before dropping sharply after percolation. We can conclude that the golden lustre appears even 
before the percolated paths are formed. Fig 3.7 and Fig 3.8 show the reflected spectrum for the Au 
nanocomposites films described earlier. In both these cases the increase in the reflected power in 
the range 550-700 nm follows the trend of the Au nanoparticles case. However the pure Au 
nanoparticles film after transforming into a conducting film shows a higher tail. The polymer matrix 
on the other hand binds the Au nanoparticles and hence the transformation from the core-shell to 
percolated state or from the MG EMA to the Bruggeman EMA is less pronounced.  
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The reflected power in the optical wavelengths attains a maximum at the stage where the particles 
are just touching each other without forming any percolated paths as described by the MG EMA for 
a passivated particle which has lost its shell completely. The appearance of the percolated paths 
as described by the Bruggeman EMA does not alter the reflected power significantly. Hence it can 
be concluded that the optical transformation is a local plasmon effect whereas the electrical 
transformation is caused by true macroscopic percolation. The electrical transformation signals the 
appearance of a true “bulk”–like appearance owing to the formation of percolated paths whereas 






























Fig 3.6 Calculated reflected power spectra of a 56-nm-thick 3.3-nm-dia. nano-Au film after different 
heat treatments. These reflection spectra correspond to the calculated transmission spectra shown 
in Fig 3.1(b) Table gives the nanostructure parameters used in the calculations: Scattering 
constant C, shell thickness t and percolated volume fraction fp are fitted parameters. Core-to-total 
radius q, core volume fraction f, and film thickness d are derived parameters, completely 
determined by r and t (see text). Core radius r = 1.6 nm throughout. The reflected power in the 
visible light range increases and reaches a maximum during the Maxwell Garnett regime. The 







 i Ii iii iv v 
C 2.0 0.75 0.75 0.75 0.75 
t (Å) 5.0 4.0 3.0 0.0 0.0 
q 0.76 0.79 0.84 1.00 1.00 
f 0.29 0.33 0.39 0.65 0.7 
fp 0.00 0.00 0.00 0.00 0.9 


























 I ii iii iv v vi vii 
C 2.0 0.75 0.75 0.75 0.75 0.75 0.75 
t (Å) 5.0 5.0 4.0 0.2 0.0 0.0 0.0 
q 0.76 0.76 0.80 0.98 1.00 1.00 1.00 
f 0.31 0.31 0.36 0.67 0.70 0.70 0.70 
fp 0.00 0.00 0.00 0.00 0.15 0.20 0.25 
d (nm) 135 135 117 63 60 60 60 
 
Fig 3.7 Calculated reflected power of a 135-nm-thick 3.3-nm-dia. nano-Au dispersed in PEDT 
matrix at 70 vol% after different heat treatments. The spectra correspond to the calculated 
transmission spectra shown in fig 3.2(b) Table gives the nanostructure parameters (see Fig.3.6 
caption): r = 1.6 nm. The reflected power in the visible range again reaches a maximum before the 
formation of percolation paths which is modelled by using the Bruggeman EMA. The large 
difference in the spectra between (iii) and (iV) is due to the large difference in shell thickness from 



























 I ii iii iv v 
C 2.0 0.75 0.75 0.75 0.75 
t (Å) 4.0 1.0 0.5 0.0 0.0 
Q 0.69 0.81 0.96 1.00 1.00 
f 0.21 0.42 0.48 0.53 0.53 
fp 0.0 0.0 0.0 0.0 0.1 
d (nm) 88 44 39 35 35 
 
 
Fig 3.8 Calculated reflected power of a 88-nm-thick 2.2-nm-dia. nano-Au dispersed in PEDT matrix 
at 50 vol% after different heat treatments as indicated The spectra correspond to the calculated 
transmission spectra shown in Fig 3.3(b) Table gives the nanostructure parameters (see Fig.3.6 
caption): r = 1.1 nm. Here too, the reflected power in the visible range again reaches a maximum 







3.4.1 FTIR spectroscopy -Results and discussion: 
 
Fig. 3.9 Fourier-transform infrared spectroscopy of a thick drop-cast film on intrinsic Si wafers of 
(a),(b) Au(33-Å) film; and (c),(d) 30v/v% Au(33-Å)–PEDT film, after annealing in N2 for 5 min at the 
indicated temperatures. The Au clusters here are protected by 7:1 11-mercaptoundecanol: 16-




Au (33-Å) film: Figs. 3.9(a) and (b) show Au clusters recovered by water precipitation give (i) a 
strong band at 1578 cm–1 characteristic of –COO–ions (νas);[35](ii) strong bands at 1464, 2852 
and 2923 cm–1 characteristic of the CH2 groups (respectively δ, νs and νas vibrations)[35] from 











































































both the protection monolayer and the Oc4N+ ion; (iii) a broad band at 3320 cm–1 characteristic of 
hydrogen-bonded –OH groups;[35] but (iv) very weak intensity in the region of 1730 cm–1 
characteristic of ν C=O.[35]This confirms the presence of the mixed monolayer ligands and in 
particular the ionic nature of the –COO– groups in this monolayer. As annealing temperature 
increases to 190ºC, the primary change is an intensity loss of –COO– at 1578 cm–1 accompanied 
by C=O gain at 1730 cm–1, and an intensity loss of the –OH band accompanied by a shift of the 
maximum towards 3350 cm–1. This confirms the formation of esters between the carboxyl groups 
and the neighbouring hydroxyl groups: –COO– + –OH → –COO– + OH–. Only a small fraction of 
the protection ligand is lost at this stage. Upon annealing to 220ºC, the insulator-to-metal 
transformation occurs, a Drude absorption tail emerges, and the vibrational features of the ligands 
greatly diminish. 
 
Au (33-Å)–PEDT film: Figs. 3.9(c) and (d) show the Au–PEDT nanocomposite film gives (i) a band 
at 1575 cm–1 characteristic of carboxyl groups in the –COO– state; (ii) strong bands at 1464, 2852 
and 2923 cm–1 characteristic of the CH2 groups[35] from both the protection monolayer and the 
Oc4N+ ion as before; (iii) a broad band at 3370 cm–1 characteristic of hydrogen-bonded –OH 
groups;[35] and (iv) a series of strong bands at 1458, 1372, 1302 and 1125 cm–1 characteristic of 
PEDT. The bands of poly (styrenesulfonate) lie under the intense absorptions of PEDT. The key 
observation here is that the –OH intensity is considerably weaker than in the absence of the PEDT: 
PSSH matrix, and has been shifted towards higher frequency characteristic of weaker hydrogen-
bonding. This indicates extensive sulphonate ester formation occurs between sulphonic acid 
groups of the PSSH matrix and the –OH of the protection ligand: –SO3H + –OH → –SO3– + H2O. 
As the result, the concentration of –OH groups at the surface of the clusters is reduced. This 
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reaction makes a favourable interaction between the Au clusters and the polymer matrix which 
allowed homogeneous dispersion of the clusters throughout the matrix. It is interesting to note that 
the carboxyl groups in the nanocomposite shows ester formation, as evidenced by the band at 
1730 cm–1, even in the absence of heating. This is likely to have been promoted by the acidity of 
the PEDT: PSSH matrix. 
 
With increasing annealing temperature, the primary change is again in more ester formation with 
the carboxyl groups, until the insulator-to-metal transformation is reached, the Drude tail appears, 
and the thiol protection ligands disappear. This sequence of events deduced by infrared 
spectroscopy is thus in agreement with the results from the optical modelling of the optical spectra 














The nanostructure evolution in the nanoparticles and their dispersion in the polymer matrix as a 
function of heat treatment can be studied quantitatively by modelling of the optical spectra. The 
simple model is surprisingly able to explain the spectra quite convincingly. It has been shown that 
the nanoparticles don’t have to be fully percolated to develop the required conductivity. FTIR 
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Solution-based doping of conjugated polymers 
 
In this chapter, we describe solution based p- and n- doping of conjugated polymers to fabricate p–
i–n diodes as the prototype of advanced doped heterostructure polymer devices. Although the use 
of doped heterostructures has been demonstrated in evaporated small molecule organic 
semiconductor devices, this has been elusive in polymer semiconductors due to the challenges in 
depositing multilayer structures and of selectively doping them. Through the use of a recently 
developed photocrosslinking methodology, it has become possible to deposit in a stepwise fashion 
multilayer films of polymer semiconductors from the same solvent without degrading their integrity 
or the semiconductor properties. This allows us to systematically investigate the effects of doping 
in devices.  Fourier-transform infrared and UV-vis optical spectroscopies reveal the characteristic 
infrared-active vibrations and polaron signatures that confirm the successful p- and n- doping in a 
variety of polymer semiconductors by brief contact of the films with the dopant solution. We 
demonstrate p–i–n LEDs based on poly (9,9-dioctylfluorene-alt-benzothiadiazole) with a p-doped 
layer (over ITO) as hole-transport and injection layer, and n-doped layer as electron-transport and 
injection layer (capped by Al). The devices exhibit rectifying current–voltage characteristics, 
reasonable built-in potential (2.2 V) and electroluminescence efficiency (1.2% ph/el) indicating 
relatively balanced carrier injection, considerably better than in control devices without the doped 





Doping of organic semiconductors to give p–i–n structures has been extensively studied in small 
molecule systems as a means to reduce the resistance of thick electron and hole transport 
layers[1]. The reason for using thick layers is to reduce the possibility of shorts and increase the 
device stability. Doping at the few mol% level introduces a sufficient density of polaron states and 
hence high conductivities to the layers, so that conduction takes place in the ohmic regime rather 
than in the space-charge-limited regime[1]. 
 
A lot of commercially readily available small molecules like pentacene, zinc phthalocyanine and 
hexadecafluorophthalocyanine are deposited by vacuum deposition methods. Vacuum sublimation 
techniques are relatively simple in that there are two phases, the vapour phase and the solid phase 
and limited movement of surface bound molecules. Solution deposition techniques involve many 
states of solvation and aggregation that make the desired morphology less stable. Small molecular 
solids can be purified to a high degree by crystallization and chromatography. In general 
conjugated systems having more than a few rings but solubilising side-chains are not easily soluble 
in common solvents. Naphthalene and anthracene are soluble in common solvents like THF, 
chloroform and alcohols. Tetracene and pentacene are practically insoluble in these solvents. 
Methods have been devised to overcome the low solubility of pentacene by using precursors[2]. 
 
Doping is most readily achieved by co-evaporation of the dopant during deposition of the hole or 
electron transport layers. Walzer et al [1]have reviewed extensively the doping of organic 
semiconductors that can be doped by co-evaporation with a molecular dopant. Doping of small 
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molecules using alkali metals[3] have been shown to increase the conductivity and facilitate 
efficient charge transport. Small molecules like NTCDA, THAP, phthalocyanines have been 
successfully doped by co-evaporation of the organic matrix and the dopants like F4-TCNQ,[4] 
cobaltocene[5], pyronin b [6] and BEDT-TTF[7]. p–i–n structures[8, 9] using small molecules have 
been fabricated and have been shown to have high efficiencies.  
 
4.1.1 Doping of polymers 
 
The first doping agents that were used for doping polymers were halogens like bromine and iodine 
and halides like arsenic pentafluoride and ferric chloride. Other popular doping agents involve 
oxidizing acids like sulphuric acid. PPV has been p– doped by various oxidizing agents such as 
sulphuric acid, ferric chloride, iodine[10, 11]. Solution p–type doping using 
tetrafluorotetacyanoquinodimethane (F4-TCNQ) has been demonstrated [12, 13] for some 
conjugated polymers. Nitronium and nitrosonium based salts have also been used as p doping 
agents. Doping leads to a charge-induced electronic structural change in conjugated polymers due 
to relaxation of polarons, as demonstrated by UPS.[14] 
 
Electrochemical doping of polymers has been carried out and characterized by cyclic voltammetry 
and spectroscopy.[15-20] Oxidative electropolymerisation leads often to polymers formed in the 
doped state and so usually does not require further doping. The main advantage of electrochemical 
doping is the possibility of precise control of the doping level via coulombic measurements like 
cyclic voltammetry and simultaneously monitoring spectroscopic changes that accompany doping 
for fundamental measurements. 
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n- type doping of organic semiconductors is usually difficult because carbanions are inherently 
unstable[21] as they react with ambient moisture and oxygen. Also the lack of a suitable n- dopant 
is another impediment. The most common n- dopants used are alkali metals. These can be 
deposited by thermal evaporation or by the decomposition of alkali halides at the interface.[22] Also 
these can only be deposited by evaporation. The electronic structure of sodium doped[23] and 
rubidium doped PPV[24] have been studied in some detail using photoelectron spectroscopies. 
There is evidence of a polaronic and/or bipolaronic structure by doping with alkali metals. Polymers 
like polythiophenes and polyphenylenes have been electrochemically n- doped by alkali metal 
cations.[25, 26] Chemical n type doping of polymers was first reported for polyacetylene which was 
doped using sodium naphthalenide.[27] Polyacetylene in this experiment was prepared by a 
Ziegler natta catalyst polymerization process in solution to yield a polymer film[28]. PPV, prepared 
using a precursor has been doped using sodium naphthalenide[29]. PPV requires annealing of the 
precursor polyelectrolyte to temperatures in excess of 350oC and/or stretching. These polymers are 
based on precursors that become insolubilised upon thermal conversion. Considerable challenges 
exist to n-dope solution-processible polymers. So far it has proven not possible to fabricate by 
solution processing, p–i–n junctions based on a single polymer semiconductor owing to the 
challenges of depositing multilayers of the same polymer without dissolving the underlying films 
and also of keeping the p- and n-dopant profiles separated. Another general challenge is doped 
polymers are often not soluble in organic solvents. 
 
Here we describe both p- and n- doping of the same polymer semiconductor in a device structure 
to realise a p–i–n light-emitting diode. We achieved this by contact doping of the deposited polymer  
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film with the dopant. The conjugated polymers that were investigated in this work include two each 
from the fluorene family and the PPV family. These include poly(9,9'-dioctylfluorene) (F8), 
poly(9,9'-dioctylfluorene-co-benzothiadiazole) (F8BT), poly(2-methoxy,5-3',7'-dimethyloctyloxy)-1,4-
phenylene vinylene (OC1C10-PPV) and Green PPV. Their structures are given in Fig 4.1. 
 
The n-doping agent , sodium naphthalenide is a powerful organic type reducing agent which has 
been used in a host of redox reactions, especially in organometallic chemistry[30]. This should be 
freshly prepared as the sodium ion can get reduced to sodium hydroxide on reaction with moisture 
thereby limiting its use lifetime. The preparation route is quite standard and is described later. The 
electrode potential of undoped conducting polymers is known to be correlated with the work 
function.[21, 31] Absolute reduction potentials can be determined if we find the actual potential 
between electrode and electrolyte for any one reaction. The estimated absolute electrode potential 
for the standard hydrogen electrode (SHE) with respect to vacuum level is 4.4–4.6 eV[32]. The 
reducing electrochemical potential of naphthalenide ion in THF is around -2.7 V[30] with respect to 
the SHE. Hence this corresponds to an electron affinity of -2.7 eV + 4.6 eV = 1.9 eV. 
 
Nitronium salts are strong oxidizing agents. They are sensitive to moisture and heat and hence 
should be stored appropriately. These also should be freshly dissolved in an appropriate solvent 
(acetonitrile, in our case). Even in the dissolved form, it is not stable for more than a few hours and 
the oxidizing power gets reduced over time. The oxidizing electrochemical potential of nitronium ion 
in acetonitrile is around 1.5 V vs SHE[33]. This may depend slightly on solvation and image charge 
































































Fig 4.2 Energy levels of the HOMO and LUMO of the conjugated polymers along with the ionization 
potential of nitronium hexafluoroantimonate and electron affinity of sodium naphthalenide. The 














Fig 4.2 shows the energy levels in the conjugated polymers used in this work and the ionization 
potential of the dopants. From the above figure, nitronium ion and naphthalenide are powerful 
enough to oxidize and reduce the polymers shown. The HOMO values are taken from our UPS 
measurements, which are broadly in agreement with literature values.[35, 36] The LUMO values 
were deduced from corrected quantum chemical calculations, which agree with various sources[37, 
38]. 
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4.2 Experimental details: 
4.2.1 Ultraviolet-visible absorption and FTIR spectra–p- and n- doping 
 
The polymers used were dissolved in toluene and sufficient amount of crosslinker was added to it. 
The amount of crosslinker added depends on the polymer and is generally between 1-2wt%. 
without adversely affecting the device efficiency[39]. The polymer film was spun on to oxygen 
plasma cleaned glass substrates and was then cross linked by exposing to deep UV radiation of 
wavelength 254 nm for 2 minutes.  
 
The n doping agent sodium naphthalene was prepared as follows. Naphthalene was dissolved in 
anhydrous tetrahydrofuran (THF) (dried in molecular sieves) and a small chunk of sodium metal 
with shiny metal side exposed was added to the naphthalene solution. Dark blue green solution of 
sodium naphthalenide (NaNp) was formed within a couple of hours. n- doping of the polymer was 
carried out by contacting the polymer with this fresh solution of 0.1M NaNp for increasing amounts 
of time and subsequently washed off with THF. THF swells the polymer well. The same procedure 
was also adopted for a different solvent. Dimethoxy glycol (DMG) was used instead of THF. DMG 
doesn’t swell the polymer but the dopant can still sufficiently penetrate the polymer film and dope it. 
The Ultraviolet-visible absorption spectra of the film were recorded using an Ocean optics 
S1024DW spectrometer. Similar results were obtained for both THF and DMG. 
 
For p- doping, the films were then contacted with anhydrous acetonitrile (ACN), dried using 
molecular sieves. Nitronium hexafluroantimonate (NO2SbF6) which was stored in a nitrogen 
atmosphere sealed bag and stored at 40C was dissolved in anhydrous ACN. A colourless solution 
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formed immediately. p- doping of F8BT was carried out by contacting the film with a fresh solution 
of 0.08M NO2SbF6 for increasing amounts of time and subsequently washed off with ACN. Again 
ACN also doesn’t swell the polymer but the dopant can still penetrate the polymer film and dope it. 
The Ultraviolet-visible absorption spectra of the film were recorded using an Ocean optics 
S1024DW spectrometer. FTIR spectra was recorded on similarly doped films on intrinsic Si 
substrates using a Nicolet 8700 FTIR system. 
 
4.2.2 Fabrication of diodes and IVL measurements: 
 
ITO glass substrates were cleaned by RCA cleaning. A thin film (~20 nm) of F8BT containing 2% 
EEA was spun on to the cleaned ITO substrates. The film was cross linked by exposing to UV 
radiation of 254 nm wavelength for 2 minutes. Then the film was p- doped as described above. A 
thick F8BT film (~95-100 nm) was spun on top of the p doped film. A PDMS block of about 1 cm 2 
was prepared. A very thin film (~10 nm) of 0.1 M sodium naphthalenide (in anhydrous THF) was 
deposited on top of the PDMS block. The intrinsic F8BT film was then n- doped by transferring the 
sodium naphthalenide on to the F8BT film by pressing the PDMS block on to the device. 
Aluminium film (120 nm) was finally deposited on top by thermal evaporation. I-V characteristics 
were measured using a Keithley 4200 semiconductor characterization system. Device 
measurements were carried out inside glove box performing at oxygen and moisture levels <1 
ppm. The photocurrent was measured using the Keithley 4200 in conjunction with a Thorlabs 
FDS1010 Silicon Photodiode. Device area was 4.27 mm2 . 
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Fig 4.3 is a schematic of the fabrication process of the diode. The p- doped film was made thin 
(~20 nm) to ensure complete doping of the film. The vertical polymer-polymer heterojunction was 
made possible because of the crosslinker technology developed by us. The bottom p- doped layer 
was cross linked to preserve its integrity during the subsequent vertical spin coating and doping 
steps. 
 
The n- layer on the p–i–n device was earlier carried out by solution doping using sodium 
naphthalenide in THF. This led to extensive damage of the polymer film along with some n- doping. 
As THF is a strong solvent for the polymer, DMG was then used as the solvent for the sodium 
naphthalenide as it didn’t swell the polymer and hence would lead to interface doping. However we 
found that the doping was quite deep and not just restricted to the interface. When the p- only and 
n- only devices were fabricated, these showed fairly high conductivities as opposed to the undoped 
films. However when the p–i–n device was fabricated using solution doping , we found that the 
device characteristics were indicative of an insulating layer which could possibly be due to a 
dedoping of the p- doped layer by the sodium naphthalenide, even in the case of using a non 
solvent for the polymer like DMG. Hence “contact doping” was adopted as the method to transfer a 
few monolayers of the dopant on to the polymer film. Previously, PDMS has been used for “contact 
printing” of polymer layers on to flexible substrates[40]. We used a PDMS stamp here to provide 
soft and conformal contact and transfer an ultra thin layer of sodium naphthalenide on to the 
polymer film for doping it. The PDMS does show an affinity to the polymer film and some care is 
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Fig 4.3 Schematic describing the fabrication of the p–i–n device. p- doping was by contact with 
nitronium hexafluroantimonate on a cross linked thin F8BT film (20 nm), followed by spinning an 
intrinsic F8BT layer (100nm) on top. n- doping was achieved by conformal contact of an ultra thin 
sodium naphthalenide layer on a PDMS stamp on to the intrinsic F8BT layer. 
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4.2.3 Modulated photocurrent measurements 
 
The device was loaded into a vacuum chamber inside a glove box at moisture and oxygen < 1ppm. 
The set-up is shown in the inset of Fig 4.10. The light beam is modulated with one optical chopper 
(SR 530, Stanford research) at the frequency of 130 Hz (sent into the lock-in amplifier (SR 
830,Stanford research) as the reference frequency) before illuminating the device under test. The 
generated photocurrent was amplified by the home-built current amplifier and fed into the lock in 
amplifier (LIA) (current-to-voltage gain=1e6). The LIA would track only the photocurrent at the 1ω 
of modulation frequency, while the leakage current was greatly depressed thus allowing us to 
measure the true photocurrent .A dc bias voltage was used to null the photocurrent which is the 












4.3 Results and Discussion: 



































































































Fig 4.4 (a) Ultraviolet-visible absorption spectra of undoped and p- doped OC1C10PPV. The p- 
doped spectrum shows a new band centred at 1.6 eV and a subsequent blue shifting and reduction 
in intensity of the main *pipi − at 2.5 eV. (b) The n- doped spectrum shows a significant reduction 
and broadening of the *pipi − along with blue shifting. 
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Fig 4.5 (a) (i) FTIR difference spectrum of p- doped OC1C10PPV with (ii) undoped spectrum for 
comparison. The appearance of IRAV bands at 1180, 1230 and 1515 cm-1 along with loss of 
OC1C10PPV features indicate successful p- doping (b) (i) FTIR difference spectrum of n- doped 
OC1C10PPV with (ii) undoped spectrum for comparison. The appearance of IRAV bands at 1430 




The ultraviolet-visible absorption spectra of intrinsic, p- and n- doped OC1C10PPV is shown in Fig 
4.4 (a) and 4.4 (b). The p- doped spectrum shows a new band centred at 1.6 eV and a subsequent 
blue shifting and reduction in intensity of the main *pipi − at 2.5 eV. The n- doped spectrum shows 
a significant reduction and broadening of the *pipi − along with blue shifting. Shorter conjugation 
chain lengths result in blue shifting of absorption spectra. The FTIR difference spectrum shown in 
Fig 4.5 (b) for the sodium naphthalenide doped OC1C10PPV show the appearance of doping 
induced infrared active bands (IRAV) at 1430 cm-1 and 1590 cm-1 along with the loss of 
OC1C10PPV features at 1200, 1255 and around 1400-1500 cm-1 . The FTIR difference spectrum 
shown in Fig 4.5 (a) for the p- doped OC1C10PPV shows the appearance of IRAV bands at 1180, 
1230 cm-1 and 1515 cm-1.  
 
Spectroscopic studies including UV-Vis, IR and resonance Raman spectra of sulphuric acid[41, 42] 
and sodium doped PPV[43] [44] and electrochemically p- and n- doped PEDT[20, 45] have been 
reported. PPV doped by other dopants like FeCl3, iodine etc have been studied with respect to the 

























































































































Fig 4.6 (a) Ultraviolet-visible absorption spectra of undoped and p- doped Green PPV. There is a 
new band centred at 2.3 eV for the p- doped sample apart from a bleaching of the *pipi −  and 
slight blue shifting. (b) Ultraviolet-Visible absorption spectra of undoped and n- doped Green PPV. 
The n doping shows significant blue shifting. 
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Fig 4.7 (a) (i) FTIR difference spectrum of n- doped green PPV with (ii) undoped spectrum for 
comparison. The FTIR results for the green PPV doping by sodium naphthalenide show the 
appearance of Infrared active bands (IRAV) at 1428 cm-1 and 1570 cm-1 along with the loss of 
green PPV features at 1260 ,1460 and 1490 cm-1.(b) (i) FTIR difference spectrum of n- doped 
green PPV with (ii) undoped spectrum for comparison. p doping shows the appearance of IRAV 
bands at 1220, 1290, 1350,1440,1530, 1560 cm-1 and 1660 cm-1 along with the loss of green PPV 
features at 1260, 1460and 1490 cm-1. 
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The Ultraviolet-visible absorption spectra of intrinsic, p- and n- doped Green PPV are shown in Fig 
4.6 (a) and 4.6 (b). There is a new band centred at 2.3 eV for the p- doped sample apart from a 
bleaching of the *pipi − .The n- doping shows significant blue shifting which could mean shortening 
of conjugation lengths. The FTIR results for the green PPV doping by sodium naphthalenide show 
the appearance of Infrared active bands (IRAV) at 1430 cm-1 and 1575 cm-1 along with the loss of 
green PPV features at 1260 ,1460 and 1490 cm-1. p- doping shows the appearance of IRAV bands 
at 1220, 1290, 1350,1440,1530, 1560 cm-1 and 1660 cm-1 along with the loss of green PPV 
features at 1260, 1460and 1490 cm-1. n doping appears to be much weaker than the p doping. The 
main absorption bands in the IR region cannot be clearly delineated because of the large 
background shifts but the IRAV bands are a clear indicator of doping. The IRAV bands correspond 
to totally symmetric Raman active vibrational modes, which couple to the pi  electron system. The 
vibrations become infrared active due to symmetry breaking and are strongly enhanced, because 
the charge distribution in the formed polaronic state causes high dipole moment changes during 
vibration. Zerbi and coworkers[46], Horovitz[47], Ehrenfreund[48] and coworkers have established 
models that predict the IRAV positions for systems like polyacetylene and polythiophene. 
 
The Ultraviolet-visible absorption spectra of intrinsic, p- and n- doped F8 is shown in Fig 4.8 (a) 
and 4.8 (b). There is a new band centred at 2.2 eV for the p doped sample apart from a bleaching 
of the *pipi − . The sodium naphthalenide doped spectrum is very similar to the undoped spectrum 
apart from a very slight blue shift and bleaching of the main band suggesting that the attempted n 


































































































Fig 4.8 (a) Ultraviolet-visible absorption spectra of undoped and p doped F8. There is a new band 
centred at 2.2 eV for the p- doped sample apart from a bleaching of the *pipi − (b) Ultraviolet-
visible absorption spectra of undoped and n doped F8. The sodium naphthalenide doped spectrum 
is very similar to the undoped spectrum apart from a very slight blue shift and bleaching of the main 

































Fig 4.9 Ultraviolet-visible absorption spectra of Intrinsic and doped F8BT film on glass. When the 
film is p- doped by contacting with nitronium hexafluoroantimonate, we find that the *pipi −  band at 
2.7 eV has decreased and a new band is visible which is centred around 1.8 eV (680 nm). The n- 
doped spectrum shows two new bands centred around 2.1 eV (580 nm) and 3.2 eV(390 nm). The 
new bands disappear on baking and the *pipi − reappears though not completely. The n- doping is 












In Fig 4.9, the transmission spectra of intrinsic, p- and n- doped F8BT is shown. The intrinsic F8BT 
spectrum has a peak at 2.7 eV (460 nm) corresponding to the *pipi − transition. When the film is p 
doped by contacting with nitronium hexafluoroantimonate, we find that the *pipi −  band has 
decreased and a new band is visible which is centred around 1.8 eV (680 nm). The doping is 
reversible and this is seen by the decrease in the new band and increase in the *pipi − band after 
storing for few hours even in nitrogen atmosphere. We also found that baking results in an 
acceleration in the dedoping. On baking the p doped film for 15 minutes at 120 degrees in the 
glove box, the polaron band disappears and the *pipi −  intensity increases but is not fully restored. 
 
The n doped spectrum shows two new bands centred around 2.1 eV (580 nm) and 3.2 eV(390 
nm). The n doped film is much more susceptible to moisture even at the 1ppm level and the film 
gets dedoped quickly even on storing in glove box at <1 ppm moisture. The polaron bands show a 
partial to complete disappearance and the *pipi − intensity increases within a period of 30-60 
minutes. Baking accelerates the dedoping here also as observed in the p doped case. The 
difference in the negative and positive polaron bands can be attributed to the fact that in F8BT, the 
LUMO is strongly localized on the benzothiadiazole unit whereas the HOMO is delocalized along 
the conjugated backbone.[49]. 
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4.3.2 The built in potential: Modulated Photocurrent measurements: 
 
The built-in potential (Vbi) of the doped devices gives us an indication of the location of the energy 
levels of p-F8BT and n-F8BT layers. The open circuit voltage is the difference between the two 
terminals of a device with no external load and is a good estimate of the built in potential. When the 
device is illuminated, a photocurrent is generated from the exciton dissociation. By measuring the 
IV characteristics of the device in dark conditions and when illuminated, the open circuit voltage 
can be determined. This is obtained by applying a Vdc bias to null the photocurrent in the device. It 
requires the photocurrent to be orders higher than the leakage current, and this criterion is fulfilled 
by the efficient exciton dissociation from photovoltaic devices.[50-52]. 
 
 In our devices however, the photocurrent was very low and was shadowed by the leakage current. 
Here we used a modulation technique to separate the photocurrent from the leakage current. The 
modulated photocurrent measurements were performed on the intrinsic, p-i and p–i–n devices. The 
set-up is shown as the inset of Fig 4.10. The light beam was modulated with an optical chopper 
(SR 530, Stanford research) at the frequency of 130 Hz (sent into the lock-in amplifier (SR 830, 
Stanford research) as the reference frequency). The photocurrent was amplified by the home-built 
current amplifier and fed into the lock in amplifier (LIA) with a current-to-voltage gain of 1e6. The 
LIA would track only the photocurrent at the 1ω of modulation frequency, while the leakage current 
was not affected by the modulation. The electric field component of the light incident on the 
device is essentially a square wave on account of the on-off effect of the optical chopper. It can be 
assumed to approximate a cosine form on neglecting the harmonic terms. The generated 
L
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The phase shift of the photocurrent is recorded with respect to the applied external bias voltage, as 
shown in the Fig 4.10. The phase shift represents the direction of the internal field due to the built 
in potential. When the device is subjected to reverse bias, the photo-generated-hole is driven 
towards the anode (electron flows towards the cathode), and -1800 out of phase with the light 
modulation. As the dc bias voltage is increased, the external electrical field exceeds the internal 
field caused due to the Vbi , the phase of the current would increase drastically by adding 180 
degree from the phase value of the reversed current. The respective Vbi is taken from the external 
voltage corresponding to middle point of the phase transition.  
 
The results show a value of 1.2 V for the Vbi for the intrinsic device. This is due to the difference in 
the Fermi levels of the electrodes. On doping with nitronium ion, the Vbi increased to 1.5 V for the 
p-i device. The Vbi increased to 2.2 V for the p-i-n device which is indicative of the successful n 



















































































Fig 4.10 A dc bias voltage is used to null the photocurrent in the devices. The light incident on the 
device is modulated by an optical chopper to separate the very small photocurrent from the 
background leakage current. The photocurrent is modulated at a frequency of 130 Hz which is also 
the reference frequency for the lock in amplifier. The phase shift of the modulated photocurrent is 
shown here as a function of dc bias voltage. The direction of the phase shift gives us the built in 
potential (Vbi).The middle point of the transition is taken as the value for the Vbi. (Data collection 










4.3.3 Diode IVL characteristics 
 
Fig 4.11 shows the current density and luminance characteristics of the intrinsic, p-i and p–i–n 
devices fabricated as described earlier. F8BT has a large electron affinity (~3.1 eV) with a high 
electron mobility (~4x10-3 cm2/Vs) suitable for efficient electron transport[53]. The intrinsic device 
shows a space charge limited low current density of 0.001 A/cm2 at 6V due to the high charge 
injection barrier. The p-i device shows an increase in current density by over 4 orders indicating 
successful p doping of the intrinsic F8BT by the nitronium salt and reduction in the hole injection 
barrier. The p–i–n also shows an increase in current density by about 4 orders and appears 
surprisingly lower than the p-i device. However the luminance of this device is more than two 
orders greater than the p-i device. It should be noted that the voltage in the figure has been shifted 
by taking the built in potential (Vbi) into account. The significant increase in the built in potential of 
the p–i–n device (2.2 V) over the p-i device (1.5V) indicates the successful n doping of the polymer 
thereby decreasing the electron injection barrier. The thin layer of n doped F8BT, doped by the thin 
layer of sodium naphthalenide transferred on to the polymer by the PDMS stamp is seemingly 
enough to reduce the contact barrier of the F8BT chain and inject  charge carriers in the chain. The 
devices show an external electroluminescence quantum efficiency one order higher than F8BT 
devices using PEDT as the hole transport layer and Ca electron injector. The use of p- and n-
doped contact should therefore provide flexibility over the choice of electrode contacts by allowing 
the use of stable high work function materials like aluminium instead of unstable low work function 






Fig 4.11. Current density and luminance characteristics of i, p-i and p–i–n devices. Vbi is the built in 
potential of that particular device measured using modulated photocurrent measurements. The 
current density for the doped devices increases by two orders from the intrinsic device. The p–i–n 
device shows high luminance without the use of any electron or hole confinement layers. (Data 


























































Fig 4.12 shows the energy level diagram of the undoped and doped device at flat band conditions.  
It is generally agreed that the electrode work function should be matched with the ionization 
potential or electron affinity for efficient hole or electron injection. For ohmic contacts, this is not 
always valid. On doping, sub gap states are created which result in the decrease of the injection 
barrier and subsequent increase in the current density. The electrode Fermi level is pinned inside 
the gap and creates a large apparent gap to the transport level. The gap states furnished by the 
doping allows for charge injection into them resulting in an ohmic contact [54]. The effect of doping 
here is to create doped interfaces and differs from isolated bulk chemical doping due to madelung 
stabilization [55]. This is reflected in the increase in the built in potential, for the p-i device to 1.5V 
and for the p–i–n doped device to 2.2 V. The leakage current is also suppressed in the p–i–n 
device as compared to the intrinsic device by more than two orders. This is probably due to the 
planarization of the polymer film due to doping thereby eliminating the local shorts that cause the 















































Fig 4.12 Energy band diagrams of the intrinsic and doped device at flat band conditions showing 
the increase in built in potential and decrease in barrier heights. On doping, sub-gap density of 
states are built up which provide electronic states at the Fermi level into which charge injection 

























Fig 4.13 I-V data for the p–i–n LED at different temperatures after cooling down to 30 K and then 
heating up to 350 K. The diode characteristics were reproducible during the heating and cooling 
cycles indicative of its stability 
 
The p–i–n diode was subjected to low temperature measurements up to 30K and then heated to 
350K. Fig 4.13 shows the I-V characteristics of the p–i–n device when cooled down to 30K in a 
Janis cryostat under vacuum and then subsequently heated to 350 K. The diode characteristics 









A p–i–n polymer light-emitting diode based on doped layers of F8BT has been demonstrated.  Hole 
injection can occur efficiently from the ITO/ p-doped F8BT into the intrinsic layer, while electron 
injection can also occur efficiently from the Al/ n-doped F8BT contact.  The p-doping was 
implemented by solution contact-doping with a NO2+ SbF6– solution, while the n-doping was by 
solid-state contact-doping with a thin film of Na+ Np– on PDMS stamp. The devices show an 
external electroluminescence quantum efficiency considerably higher than F8BT devices using 
PEDT as the hole transport layer and Ca electron injector. The use of p- and n-doped contact 
should therefore provide unprecedented flexibility over the choice of electrode contacts by allowing 
the use of stable high work function materials like aluminium instead of unstable low work function 
materials like calcium. 
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In this work we have shown the synthesis of highly water soluble nanocomposites which can be 
used as conductors in organic electronic circuits. The transformation temperature in these 
nanocomposites has been further reduced to temperatures compatible with plastic substrates by 
using suitable combinations of ligands. They are already increasingly used in simple circuits like 
RFIDs and in some cases in transistors. The challenge now is to produce them in large quantities 
retaining the high solubilities to be commercially viable. The nanocomposites can be then printed 
on to flexible plastic substrates. There are still many issues concerning the integration of the 
various layers. Printing of the semiconductor and gate dielectric haven’t been demonstrated 
satisfactorily. Novel surface treatment techniques are required to print the semiconducting polymer 
which is usually soluble in organic solvents. Gate dielectrics like BCB are too viscous to be printed 
using inkjet printing. A combination of various printing techniques like screen printing and inkjet 
printing might be needed to be used in the future. All printed electronic circuits are a possibility but 
several challenges have to be surmounted. 
 
We have also seen that the conductivities of conjugated polymers can be raised by doping. Due to 
low mobilities, the conductivity of these materials after doping is still much lower than their 
inorganic counterparts but are sufficient enough for a variety of devices that don’t require too high 
current densities like OLEDs. Controlled doping of polymers is still a mighty challenge. In this work 
we have shown the successful p and importantly n doping of some polymers and also 
demonstrated a vertical p–i–n polymer heterojunctions. However, the level of doping and precise 
control over the doping still remains a challenge. The immediate challenge to confront is to acquire 
control over the doping process and stabilise the doped polymers. The stability of the doped 
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devices is dependent on the ability of the dopant counterion to not get involved in migration or 
diffusion reactions. While p-type doping has been available for some time, more progress needs to 
take place for n-type doping. This is not trivial as it requires transfer of electrons to rather high-lying 
orbitals. From a materials perspective, the progress on the synthesis of new conjugated polymers 
is quite rapid. This should lead to an increase in the research activities on new stable dopants and 
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